
Ephraim Cohen
Bernard Moussian    Editors 

Extracellular 
Composite 
Matrices in 
Arthropods



Extracellular Composite Matrices in Arthropods



Ephraim Cohen • Bernard Moussian
Editors

Extracellular Composite 
Matrices in Arthropods



ISBN 978-3-319-40738-8    ISBN 978-3-319-40740-1 (eBook)
DOI 10.1007/978-3-319-40740-1

Library of Congress Control Number: 2016952623

© Springer International Publishing Switzerland 2016
Chapter 10 is published with kind permission of the Her Majesty the Queen Right of Canada.
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland

Editors
Ephraim Cohen
Department of Entomology,  

The Robert H. Smith Faculty 
of Agriculture, Food and Environment

The Hebrew University of Jerusalem
Rehovot, Israel

Bernard Moussian
Genetik der Tiere
Eberhard-Karls Universität Tübingen
Tübingen, Germany



v

Preface

 Extracellular Composite Matrices in Arthropods

The book contains comprehensive contributions on extracellular composite matri-
ces in arthropods. The building blocks of such matrices are formed in and secreted 
by single-layered epithelial cells into exterior domains where their final assembly or 
transformation takes place. Emphasis is placed largely on insects, due to the exten-
sive body of published research that in part is the result of available whole genome 
sequences of several model species (in particular Drosophila melanogaster) and 
accessible ESTs for other species. Such advances have facilitated fundamental 
insights into genomic, proteomic, and molecular-based physiology. The book 
includes also chapters on noninsect arthropod biocomposites such as the mineral-
ized crustacean cuticles (Chap. 5), spider silks (Chaps. 12 and 13), and salivary 
gland secretion of ticks (Chap. 17). However, it is appropriate to acknowledge that 
the book excludes arthropod toxins and venoms that merit a sizable separate 
volume.

The phylum Arthropoda that arose about 550–600 MYA is the biggest and most 
diverse in the animal kingdom. Arthropods show a remarkable and insuperable 
adaptation to survive, colonize, and essentially thrive, in a plethora of aquatic and 
terrestrial habitats. Basically, the cuticular structures have been pivotal for their suc-
cessful adaptations to the external environment and thus have been conserved 
through eons. It is noteworthy that extracellular matrices of arthropods amount to a 
large inert biomass. The global organic biomass of chitin from insects and crusta-
ceans is regarded as second only to cellulose. The first seven chapters of the book 
are dedicated to these highly organized and super-complex composite matrices.

The cuticular matrix has been explored from diverse viewpoints, thus providing 
useful perspectives related to function and biological significance. Different mor-
phologies of external surfaces that affect appearance; various colors that may func-
tion for camouflage, recognition, heat absorption, mating, and defense; and 
mechanical properties such as strength, rigidity, elasticity, or plasticity are 
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 determined by specific chitin-protein interactions and architectural assemblies, 
degree of protein sclerotization and hydration, or types of proteins.

One example is the pliant resilin with its characteristic amino acid sequences and 
intermolecular di- and tri-tyrosine cross-linking (Chap. 4). Due to its superlative 
energy storage efficiency and high fatigue lifetime, resilin is crucial in activities 
including legged locomotion, flight, jumping, attachment to substrates, and sound 
production (in cicadas).

The diverse composite assemblies of chitin filament systems and proteins, 
which form the architectural matrix of skeletal procuticles and peritrophic mem-
branes, dictate their varied functional properties (Chaps. 1, 2, 3 and 8). Basically, 
the chitin- protein matrix is formed by interactions between a single aminosugar 
biopolymer (largely the antiparallel α-chitin allomorph) and a large number of 
highly diverse proteins. Furthermore, cuticular diversity may be amplified by a 
later intermolecular cross-linking of proteins and different stacking configurations. 
Nucleophilic reactions, by low molecular weight oxidation products of catechol-
amine derivatives, stabilize (sclerotize) the proteinaceous exocuticular layer and 
overall contribute strength and rigidity to the cuticle (Chap. 6). In addition to such 
cross-linking, the crustacean chitin-protein layers are primarily rigidified by calci-
fication (Chap. 5).

Cuticular hydrocarbons and lipids are integral parts of the epicuticular layer 
where their hydrophobic nature functions as waterproofing components. It is rea-
sonable to perceive that involvement of cuticular hydrocarbons has been essential 
to solve ecophysiological constraints during the transition of arthropods from 
aquatic to terrestrial habitats. Existing on or near the cuticle surface, volatile hydro-
carbons have also evolved to serve in defense, reproduction, and communication 
(Chap. 7). In the context of waterproofing, eggs of oviparous insects, which nor-
mally face the major problem of desiccation, are protected by certain waterproofing 
chorionic layers. Moreover, the embryonic layer of serosal cuticle is paramount in 
protecting developing embryos from dehydration (Chap. 9).

The dynamic spatial and temporal events that accompany synthesis (and degra-
dation) of the cuticular complex structure are comprehensively covered in chapters 
dealing with the integumental matrices (Chaps. 1, 2 and 3). It includes specific 
genes and the interplay of genes, specific structural proteins and enzymes that are 
involved inter alia in biosynthesis, and degradation of the cuticular matrix. In addi-
tion, intercalation of low molecular weight components essential for waterproofing 
(like hydrocarbons) or quinone-based compounds that are used as stabilizing ele-
ments (sclerotization, melanization) or as pigments are included. Colors of cuticles 
are varied, depending on insect species and in anatomical regions of the same spe-
cies. Pigmentation/melanization also plays important roles in wound healing and 
encapsulation of invading parasites (Chap. 6).

The dynamic events and sequential assembly of cuticular layers as well as the 
secretions of enzymes and low molecular weight component are cued and synchro-
nized by sets of hormonally regulated genes (Chaps. 1, 2, 3, 4, 5, 6 and 7).

The eggshell structural complex shares many similarities to the cuticular matrix. 
It is largely an organized multilayered composite structure assembled according to 
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an idiosyncratic spatial and temporal program (Chap. 9). The largely proteinaceous 
layers of eggshells are secreted by sets of monolayered follicular cells inherently 
equipped with a predetermined genetic plan for the complex structural design. 
Chorionic eggshells provide protection against desiccation and/or flooding and 
against predation or invasion of pathogenic microorganisms, as well as resistance to 
mechanical stresses or temperature fluctuations. Several eggshell chorionic layers 
are stabilized by intermolecular cross-linking such as disulfide bridges, di- and tri- 
tyrosine bonds, and quinone-based sclerotization.

Silks, which are biopolymeric composite natural fibrous materials spun from pro-
tein secretions, occur in various lepidopterans, hymenopterans, beetles, flies, thrips, 
lacewings, spiders, and acari. Another part of the book (Chaps. 12, 13 and 14) is 
limited to glandular secretions of silk moths and spiders. Spiders, for example, pro-
duce different types of fibers with remarkable properties, compositions, and mor-
phologies that serve various functions like locomotion, signaling the presence of 
caught prey, web construction, wrapping pray, or creation of cases for protecting 
developing eggs. The cocoon silk of Bombyx mori (the only domesticated arthropod), 
which is known for over 5000 years, has been commercialized into valuable textiles.

A cluster of three Chaps. (15, 16 and 17) is dedicated to saliva which is water or 
oily oral secretions of mostly labial salivary glands. Its various functions include 
lubrication of mouthparts, predigestion and digestion of plant materials, water bal-
ance, and antimicrobial and antipredator actions as well as in host-vector interac-
tions. Saliva of plant sap feeders plays a role in transmitting viral and protozoan 
pathogens. The pharmacologically active saliva of hematophagous arthropods 
blocks host antibleeding defense, serves as an analgesic in tick bites, and affects 
inflammatory and immune systems of vertebrate hosts, in addition to transmitting 
debilitating pathogens.

The Drosophila salivary glands are well known for the exocrine secretion of a 
glue material that attaches their puparia to the substrate (Chap. 15). Additionally, 
this chapter deals with apocrine secretion of salivary gland cells where they lose 
part of their cytoplasm into the lumen. In contrast to the exocrine glue proteins, a 
large number of cytoskeletal, cytosolic, mitochondrial, ribosomal, and Golgi appa-
ratus components are released and exposed to the exterior.

Chapter 11 is dedicated to Drosophila melanogaster female and male secretory 
products of accessory glands that play critical roles in fertility and overall reproduc-
tion. It involves the complicated network of interactions of the multiple secreted 
components that target multiple receptors which are involved in preparation for 
mating, during mating, and through postmating events.

A number of Chaps. (4, 5, 12, 13 and 14) cover commercially applicative aspects 
related to extracellular matrices. There is a worldwide market for chitin, its deacety-
lated form chitosan, and for their chemical modifications. Such products are biode-
gradable, biocompatible, and nontoxic with a large range of useful applications in 
the textile and pharmaceutical industries, in agriculture, water treatment, cosmetics, 
food, and photography products.

Blocking chitin synthesis by commercial acylurea insecticides or inhibition of 
acarine chitin synthase by the acaricide etoxazole indicates the applicative value of 
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chitin as target in pest control. The physiologically essential processes of chitin 
synthesis and degradation have been regarded as useful selective targets for inter-
ference, and their potent inhibitors were subjected to further scrutiny of successful 
lead compounds in the hope of developing commercial pharmaceuticals and pest 
control agents (Chap. 10).

Genes of cuticular protein and chitin synthesis and degradation, which are 
expressed at transition stages, are regulated by growth hormones. Interfering juve-
nile hormone analogs and juvenile hormone mimetics, as well as ecdysterone ago-
nists, were developed and commercialized as highly successful insecticides.

Natural biocomposites like crustacean mineralized cuticle, the pliant resilin, or 
the insect and spider silks have generated much interest and have inspired basic and 
applied research that yield sophisticated functional biomimetics, biomaterials, and 
structural hybrids. The rigid calcified crustacean cuticle stimulated development of 
organic/inorganic hybrid materials and motivated the use of synthetic polymer tem-
plates that generated ceramic and fiber-reinforced composites. Resilin with its out-
standing elasticity, energy storage, resilience, and high fatigue lifetime has opened 
avenues for various polymer designs leading to potential applications for biorub-
bers, biosensors, and biomedicals as tissue-engineering scaffolds. Spider silks, 
which have unique mechanical properties in terms of strength, extensibility, and 
toughness, offer exciting opportunities for the design of biomaterials for tailor- 
made applications in medicine, engineering, and defense.

Authors and coauthors are gracefully acknowledged for their joint effort in con-
tributing state-of-the art chapters. In this regard, I like to express my genuine grati-
tude to the reviewers listed below who invested time and energy in carefully reading 
massive manuscripts and provided valuable corrections, comments, and sugges-
tions. Their helpful input was indispensable for improving the quality of many 
chapters and, overall, for contributing remarkable “added value” to them:

Drs. Jasna Štrus, University of Ljubljana, Slovenia; Coby Schal, North Carolina 
State University, USA; Russel Jurenka, Iowa State University, USA; Anna Rising, 
Swedish University of Agricultural Sciences, Sweden; Heiko Vogel, Max Planck 
Institute for Chemical Ecology, Germany; Judith H. Willis, University of Georgia, 
USA, Kostas Iatrou, Institute of Bioscience and Applications, Greece; Lukas 
H. Margaritis, National and Kapodistrian University, Greece; Hans Merzendorfer, 
University of Siegen, Germany; Subbaratnam Muthukrishnan, Kansas State 
University, USA; Cheryl Hayashi, University of California, Riverside, USA; Bruce 
Chase, University of Nebraska at Omaha, USA; Mark L. Siegal, New York 
University, USA; and Lawrence Harshman, University of Nebraska-Lincoln, USA.

Rehovot, Israel Ephraim Cohen 
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    Chapter 1   
 Genes of Cuticular Proteins and Their 
Regulation                     

     Hideki     Kawasaki    

    Abstract     In this chapter, recent development of the analysis of cuticular protein 
(CP) genes and the regulation of their expression are covered. Genomic analysis and 
annotation of CP genes have elucidated the overall number and kind of CP gene. The 
nomenclature and structure of cuticle layers are described fi rst. The factors that regu-
late CP gene expression are described next. Expression of CP genes is regulated 
mainly by ecdysone responsive transcription factors (ERTFs). Ecdysone activates 
target ERTFs through its receptor complex. ERTFs interaction determines the expres-
sion pattern of themselves, resulting in the induction of their target genes. Ecdysone 
is known also to trigger chromatin remodeling by recruiting chromatin- remodeling 
factors that act by chromatin loosening. Juvenile hormone affects the type of cuticle 
layers through BR-C and HR38 and determines the type of CPs. Recent genomic 
analysis has generated new fi ndings for the cuticle research. Annotation enabled to 
specify the kinds and number of all cuticular proteins. Now we can discuss cuticular 
layers depending on the classical studies. Genomic, proteomic and transcriptomic 
analysis brought about new fi ndings. Clustering CP genes have been identifi ed in 
several insects. Overall expression, its regulation, binding site analysis, genomic 
structure of CP genes, regulation of larval, pupal adult CP layers were described.  

1.1        Recent Classifi cation of Cuticular Proteins 
and the Construction of Cuticular Layers 

1.1.1     Recent Classifi cation of Cuticular Proteins 

 Cuticular proteins (CPs) are classifi ed by using distinctive names derived from their 
specifi c sequence motifs and amino acid compositions. Sequencing the genomes of 
several insect species resulted in the identifi cation of a large numbers of CP genes. 
Over 200 CP genes have been identifi ed in the malaria mosquito   Anopheles 

        H.   Kawasaki      (*) 
  Insect Molecular Biology, Faculty of Agriculture ,  Utsunomiya University , 
  350 Mine ,  Utsunomiya ,  Tochigi   321-8505 ,  Japan   
 e-mail: kawasaki@cc.utsunomiya-u.ac.jp  
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gambiae    (Cornman et al.  2008 ; Cornman and Willis  2009 ) and the silkworm   Bombyx 
mori    (Futahashi et al.  2008 ), and several distinct families of CPs have been estab-
lished (Cornman and Willis  2009 ; Willis  2010 ). Among them are CPRs, which rep-
resents CPs having the Rebers and Riddiford Consensus. Their names are derived 
from the work of Rebers and Riddiford, who fi rst identifi ed this sequence motif. The 
original motif was G-(x8)-G-x(6)-Y-x(2)-A-x-E-x-G-F-x(7)-P-x-P ( R&R 
Consensus  ; Rebers and Riddiford  1988 ) (where x represents any amino acid, the 
values in parentheses indicate the number of amino acid residues). Three types of 
CPRs have been classifi ed:  RR-1   is generally found in soft cuticle,  RR-2   in hard 
cuticle (Andersen  1998 ; Willis  2010 ), and  RR-3   group comprises a few CPs 
(Andersen  2000 ; Willis  2010 ). An extended version of  the   R&R Consensus sequence 
was demonstrated to bind  chitin   (Rebers and Willis  2001 ; Togawa et al.  2004 ), and 
the amino acids responsible for this binding in  the   R&R Consensus were identifi ed 
(Rebers and Willis  2001 ). 

 The name CPF was derived from a 51 amino acid motif fi rst identifi ed in  Tenebrio  
and  Locusta  by Andersen et al. ( 1997 ). A shorter version (42–44 amino acids) was 
found by Togawa et al. ( 2007 ) in several species and the name CPF retained. These 
authors also identifi ed another group of proteins that had carboxyl-termini similar 
to the CPFs and they were given the family name  CPFL  . 

 Binding with  chitin   was not observed in the case of Agam CPF1   or  CPF3   (Togawa 
et al.  2007 ). The  CPT   family, sometimes called TWDL family, is named from the 
mutation of body shape (TweedleD, Guan et al.  2006 ),  CPG   is named due to its high 
content of glycine (Zhong et al.  2006 ; Futahashi et al.  2008 ), and  CPH   is a group of 
hypothetical  Bombyx  CPs (Futahashi et al.  2008 ), some of which have been shown to 
be members of distinct families (Willis  2010 ). Cornman and Willis ( 2009 ) have 
offered new additional classifi cation for some CPs with low complexity.  CPLCG   
contains invariant glycine residues in the conserved domain separated by eight amino 
acids, but so far this group was found only in Diptera. The name  CPLCW   refers to an 
invariant tryptophan within the conserved domain, and this family was found only in 
mosquitoes.  CPLCP   is proline-rich and consists of high density of PV and PY repeats, 
and  CPLCA   is alanine-rich. These different CP genes presumably make it possible to 
construct different types of cuticles in different species, stages and anatomical loca-
tions. Depending on these sequences, Ioannidou et al. ( 2014 ) developed  CutProtFam-
Pred  , an on-line tool (  http://aias.biol.uoa.gr/CutProtFam- Pred/home.php    ; 2014) that 
allows the accurate detection and classifi cation of  putative structural cuticular pro-
teins, from sequence alone, in proteomes. Nevertheless, the mechanisms involved in 
determining the specifi c combinations of CPs, have not been elucidated.  

1.1.2      The Construction of Cuticular Layers 

 Expression of CP genes is related to the structure of the cuticular layers. The insect 
cuticle is made up of three major cuticular layers, the envelope, the epicuticle and 
the  procuticle  . The envelope, formerly called  cuticulin  , is sometimes covered with 
wax (Locke  1961 ; Wigglesworth  1972 ). Next is the epicuticle that lacks  chitin   and 
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is composed of sclerotized proteins. The  procuticle   is divided into two layers, the 
upper  exocuticle   and the lower  endocuticle  . The  procuticle   is secreted before and 
after  ecdysis   in response to the rise and decline of the hemolymph ecdysteroid 
(Wigglesworth  1972 ; Andersen  2000 ). The exo- and endo-cuticle layers consist of 
 chitin  , CPRs and other types of CPs and are suggested to construct or fi ll the space 
within the two  procuticle   layers (Andersen  2002 ). 

 The timing of expression defi nes the kind of cuticular proteins that construct the 
layer, and determine the nature of each cuticular layer. The upper part of the  procu-
ticle   becomes sclerotized after  ecdysis   (Hopkins et al.  2000 ), as phenolic com-
pounds are incorporated into the CPs (Andersen  2010 ). Since His residues in CPs 
are used for the sclerotization of cuticles (Schaefer et al.  1987 ; Hopkins et al.  2000 ; 
Andersen  2010 ), CPs in the  exocuticle   should contain high percentage of His. In 
contrast, acidic amino acids are involved in soft cuticle such as inter-segmental 
membrane (Cox and Willis  1987 ) or larval cuticle (Missios et al.  2000 ). Therefore, 
acidic amino acid residues are suggested to be frequently involved in CPs in the 
 endocuticle  . Mun et al. ( 2015 ) recently reported that a CP of the red fl our beetle, 
  Tribolium castaneum   ,  TcCP30  , having a low complexity sequence, was cross-linked 
with the  RR-2   CPs,  TcCPR18   and  TcCPR27      by laccase2, but not with the  RR-1   CP, 
 TcCPR4     .  TcCP30  ,  TcCPR18   and  TcCPR27      contained high percentage of His resi-
dues that could bind together.  RR-2   CPs contain His and Lys, and these amino acids 
react with sclerotizing reagents (Iconomidou et al.  2005 ), therefore  RR-2   CPs cross- 
linked by CP30 are suggested to be involved in construction of the hard cuticle. 

 Shahin et al. ( 2016 ) speculated that the  exocuticle   is constructed with  RR-1  ,  RR- 
2   and other types of CPs, while the  endocuticle   is formed with  RR-1   and other CPs 
from the expression profi les of CP genes of  B.    mori   . They examined the expression 
profi les of 52 CP genes that are identifi ed in  wing disc   ESTs during  prepupal   to 
early pupal stages. The earliest expressed group, which is composed of  RR-2   CP 
and  CPH  , contains high percentage of His. It is suggested that these proteins bind 
via His residues to make the tanned  exocuticle  , as shown by Mun et al. ( 2015 ).  RR-2   
CPs, which are expressed at a later stage, have a lower percentage of His (Shahin 
et al. unpublished data), which suggests that they play a minor role in sclerotization 
of the cuticle. The transcription of  RR-2   CP genes ceases before pupation, while 
that of  RR-1   CP genes continue until after pupation even if the start of transcription 
was at the same time as that of the  RR-2   CP genes (Shahin et al.  2016 ). This sug-
gests that  RR-1   CPs construct both layers of the  exocuticle   and  endocuticle  , while 
 RR-2   CPs construct only  exocuticle  . It was also reported that  CPFL  ,  CPG  ,  CPT   and 
 CPH   constitute the exo-and  endocuticle   layers (Shahin et al.  2016 ). It is noteworthy 
that  CPH1  ,  CPH33  ,  CPG11  ,  CPG12   and  CPG24  , which are expressed at the  prepu-
pal   stage, have high percentages of His and Lys (Shahin et al. unpublished data). 

 Recent analysis clarifi ed the mechanism that determines the order of expression 
timing of the deposited cuticular layers (Nita et al.  2009 ; Wang et al.  2009a ,  b ,  2010 ; 
Shahin et al.  2016 ). The expression timing of CP genes is determined by  ecdysone   
responsive transcription factors (ERTFs). The expression timing and its regulation 
are described in Sect.  1.2 .  

1 Genes of Cuticular Proteins and Their Regulation
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1.1.3     Distinctive Function of Each Cuticular Protein 

 A large number of CP genes were identifi ed in the genome of certain insects as 
described in Sect.  1.3 . There is an issue whether all CPs have evolved separately or 
most of them are the result of gene duplication. Some reports suggest that each CP 
has a distinctive function (Guan et al.  2006 ; Arakane et al.  2012 ; Noh et al.  2014 , 
 2015 ; Qiao et al.  2014 ). 

 The  TweedleD  mutation in  D.    melanogaster    showed dramatic effect on the body 
shape, but not on viability and fertility (Guan et al.  2006 ). Recent analysis of  B.  
  mori   , which revealed the binding of CTP with  chitin   (Tang et al.  2010 ), may explain 
the function of  Tweedle   and the defect of its mutant.  TcCPR18   and  TcCPR27     , 
which belong to  RR-2   CP, are expressed in elytra, pronotum and ventral abdomen 
in  T.    castaneum    .  RNA interference study of   TcCPR27       demonstrated unorganized 
laminae and pore canals as well as aberrant hind wings, while   TcCPR18    silencing 
showed similar but less pronounced defects (Arakane et al.  2012 ). The distinctive 
roles of  TcCPR18   and  TcCPR27      suggest a signifi cant function of each insect CP 
(Arakane et al.  2012 ; Noh et al.  2014 ). Down-regulation of another CP gene, 
  TcCPR4       ,  which belongs to  RR-1   CP group, showed abnormal shape of the pore 
canals that had amorphous fi bers (Noh et al.  2015 ). Analysis of  stony,  the  B.    mori    
mutant, revealed the function of BmorCPR2 (Qiao et al.  2014 ).  Stony  mutant shows 
hard body, which is caused by the lack of  chitin   binding site of CPR2.   

1.2        Factors that Affect Gene Expression of Cuticular 
Proteins 

1.2.1     Ecdysone 

  Ecdysone   is a major factor that controls insect embryonic development,  ecdysis  , 
metamorphosis and adult development. The ecdysone-responsive characteristics of 
several CP genes have been studied (Horodyski and Riddiford  1989 ; Apple and 
Fristrom  1991 ; Hiruma et al.  1991 ; Braquart et al.  1996 ; Devarakonda et al.  2003 ; 
Noji et al.  2003 ; Nita et al.  2009 ; Wang et al.  2009a ). Most of their expressions are 
induced by exposure to an ecdysteroid pulse (Apple and Fristrom  1991 ; Hiruma 
et al.  1991 ; Zhong et al.  2006 ; Nita et al.  2009 ; Wang et al.  2009a ).     LCP-14  of the 
tobacco hornworm,   Manduca sexta    ,  was induced after 12 h following exposure to 
the hormone and transfer of cultures to hormone-free medium. Induction of   GCP1    
of the silkworm,   Bombyx mori    (Suzuki et al.  2002 ) was observed 16 h after hormone 
removal, and induction of  GRPs  of  B.    mori    was observed 12 or 18 h after 20E 
removal (Zhong et al.  2006 ). Induction of   LCP16/17    of  M.    sexta    required  in vitro  
exposure to low concentration of 20E (50 ng/ml) for 24 h (Horodyski and Riddiford 
 1989 ).  BMWCP10  of  B.    mori    was induced  in vitro  4 h after addition of the hormone 
(Noji et al.  2003 ; Wang et al.  2010 ). It can be concluded that  CP  genes, which have 
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different developmental profi les, are induced with different types of  ecdysone   expo-
sure, as described in a recent review by Charles ( 2010 ).  

1.2.2     Ecdysone Signaling Cascade 

  Ecdysone   binds with the  ECR  / USP   heterodimer and the activated complex moves 
to the nucleus and binds with the hormone response element of the  hsp  gene (Nieva 
et al.  2007 ). Ecdysteroid titer in the hemolymph, which increases before  ecdysis  , 
activates a large number of primary and secondary responsive genes that triggers 
 ecdysis  .  Ecdysone   signaling regulates insect metamorphosis through successively 
expressed ERTFs (Karim and Thummel  1991 ; Antoniewaki et al.  1993 ,  1994 ; Huet 
et al.  1995 ; Fletcher and Thummel  1995 ; Zhou et al.  1998 ; Lam et al.  1999 ; Charles 
et al.  1999 ; Yamada et al.  2000 ; Blalecki et al.  2002 ; Kozlova and Thummel  2003 ; 
White et al.  1997 ; Riddiford et al.  2003 ). Expression profi les of several ERTFs dur-
ing insect development were reported (Sallivan and Thummel  2003 ; Riddiford et al. 
 2003 ; Sekimoto et al.  2006 ,  2007 ). The interaction between ERTFs determines the 
expression profi les of ERTF themselves (Huet et al.  1995 ; White et al.  1997 ; Lam 
et al.  1997 ; Hiruma and Riddiford  2001 ). Results of their interactions triggered a 
successive activation of metamorphosis-related genes, including CP genes. 

  HR3   is a key factor of  ecdysone   signaling cascade and was reported to be 
expressed for a short time during the  prepupal   stage in the fruit fl y  Drosophila.  
  melanogaster    (Horner et al.  1995 ),  M.    sexta    (Palli et al.  1992 ) and  B.    mori    (Shahin 
et al.  2016 ).   HR3    is inducible by 20E  in vitro  in 2–6 h in  D.    melanogaster    (Horner 
et al.  1995 ),  M.    sexta    (Palli et al.  1992 )  B.    mori    (Sekimoto et al.  2006 ) and the 
German cockroach   Blattella germanica    (Cruz et al.  2007 ). In  D.    melanogaster   , 
mutants of  HR3   failed in adult head eversion, showed disorder of muscle, trachea 
and wing, and reduced expression of   BR-C          ,    E74    ,    E75    ,    ßFTZ-F1    and   E93     ( Lam et al. 
 1999 ). Raud et al. ( 2010 ) also observed similar defects and reduction of expression 
of   E74A    ,    E75A    ,  and   ßFTZ-F1    in the  HR3   mutant. In  Drosophila  embryos,   HR3    was 
expressed fi rst, and then   ßFTZ-F1    followed by   E74A    and   E75A    expression (Raud 
et al.  2010 ). They suggested that  HR3   functions upstream of  ßFTZ-F1  , since tran-
scripts from   E74A    and   E75A    disappeared in   ßFTZ-F1    mutant, and   HR3    mutant 
reduced the expression of   ßFTZ-F1    ,  resulting in the reduction of the expression of 
  E74A    and   E75A   . White et al. ( 1997 ) observed the repression of the expression of 
  E74A    ,    E75A    and the induction   ßFTZ-F1    by the overexpression of   DHR3   . Lam et al. 
( 1997 ) also observed the inhibition of   BR-C          ,    E75A    ,    E74A    ,    E74b    and   E78B    by the 
over expression of   DHR3   . The activation of   ßFTZ-F1    was also observed by over 
expression of  DHR3   (Cáceres et al.  2011 ). Thus,  HR3   down-regulates the early 
genes and up-regulates late genes. 

   HR4    was induced slightly after   HR3     in Drosophila and Manduca  (Charles et al. 
 1999 ; Hiruma and Riddiford  2001 ), and mutation of  HR4   down-regulated the 
expression of   EcR    ,    E75A    ,    E74A    and   ßFTZ-F1    in  Drosophila  (King-Jones et al. 
 2005 ). 

1 Genes of Cuticular Proteins and Their Regulation
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  ßFTZ-F1   is an attractive ERTF and mediates  ecdysone   signaling from  HR3   to 
other ERTFs that resulted in the continuation of  ecdysone   signaling at each molting, 
including the larval to pupal molting.   ßFTZ-F1    is expressed after the decline of 
ecdysteroid titres in the hemolymph in  B.    mori    (Sun et al.  1994 ) and  M.    sexta    
(Weller et al.  2001 ), and its expression preceded the expression of   E74A    and   E75A    
(Broadus et al.  1999 ).   ßFTZ-F1    ,  which is different from other  ERTF  genes, is 
induced by  in vivo   ecdysone   or its removal after  in vitro  exposure (Woodard et al. 
 1994 ; Sun et al.  1994 ; Charles et al.  1999 ).   ßFTZ-F1    mutant disrupted the pupation 
of  D.    melanogaster    (Broadus et al.  1999 ) and affected the denticle or tracheal for-
mation (Raud et al.  2010 ).   ßFTZ-F1    mutants also inhibited the expression of meta-
morphic genes of  D.    melanogaster    ,    rpr    , ark  and   Dronc    in the salivary glands (Lee 
et al.  2002b ). Similar to this mutation, down regulation of ERTFs by  RNAi   also 
affected metamorphosis. Heat-shock treatment also indicated the interaction of 
ERTFs during metamorphosis as described below. Down-regulation of   ßFTZ-F1    
inhibited the expression of   E74A    ,    E74B    and   E75A    in  D.    melanogaster    (Lam et al. 
 1997 ; Lam and Thummel  2000 ) and  A. aegypti  (Zhu et al.  2003 ).  ßFTZ-F1   activated 
  E74A    and   E75A    (Broadus et al.  1999 ; Lam and Thummel  2000 ; Raud et al.  2010 ). 
Thus,  ß FTZ-F1    is activated by  HR3   and affects early genes such as   E74A    ,    E74B    and 
  E75A   . 

  E74   has two different isoforms that are expressed at different stages in  D.    mela-
nogaster    (Thummel et al.  1990 ),  M.    sexta    (Stilwell et al.  2003 ) and  B.    mori    
(Sekimoto et al.  2007 );   E74B    is expressed earlier than   E74A   , and  in vitro  experi-
ments showed that it responded to  ecdysone   at a low concentration and was repressed 
by high concentration of the hormone (Karim and Thummel  1991 ; Stilwell et al. 
 2003 ; Sekimoto et al.  2007 ; Wang et al.  2014 ), while   E74A    was induced by the high 
concentration of  ecdysone   being pulse-responsive (Karim and Thummel  1991 ; 
Stilwell et al.  2003 ; Sekimoto et al.  2007 ). A mutant of   E74B    caused the earlier 
expression of   E75A    and   HR3    and abolished  Sgs-5  expression ,  while that of   E74A    
abolished   L71-6    (Fletcher and Thummel  1995 ). Together with the experiment of 
over-expression, Fletcher et al. ( 1997 ) concluded that   E74B    inhibited, whereas 
  E74A    promoted late genes. 

  E75   has three different isoforms in  D.    melanogaster    (Blalecki et al.  2002 ) and in 
 A. aegypti  (Pierceall et al.  1999 ), and these different isoforms, which were expressed 
at different stages in  D.    melanogaster    (Huet et al.  1995 ),  M.    sexta    (Zhou et al.  1998 ) 
and  B.    mori    (Sekimoto et al.  2006 ), showed different  juvenile hormone (JH)   respon-
siveness;   E75A    was activated by JH (Zhou et al.  1998 ; Dubrovsky et al.  2004 ). A 
mutant of   E75A    died during the second and third larval instars and inhibited the 
expression of   E74A    and   ßFTZ-F1    (Blalecki et al.  2002 ), and down-regulation of 
  E75A    inhibited the adult cuticle formation in  B.    germanica    (Mané-Padrós et al. 
 2008 ). It suggests that  E75A   affects insect metamorphosis and the successively 
expressed genes.  E75A   and E75C bind to the same receptor response element of 
 HR3   upstream of the target gene, and E75C also interacts with  HR3   by creating a 
complex in  B.    mori    (Swevers et al.  2002 ). White et al. ( 1997 ) demonstrated that 
 DHR3   function is inhibited by binding to E75B. Reinking et al. ( 2005 ) also observed 
that  E75   inhibited the  HR3   function with binding both to the upstream region of 
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 HR3   gene and to  HR3   protein. Moreover, Johnston et al. ( 2011 ), using  BR-C         chip 
assay and down-regulation of  E75A  , demonstrated the binding activity of  E75A   and 
the inactivation of the   EcR    ,    BR-C          promoters. They concluded that  E75A   inhibits the 
expression of other ERTFs, including  EcR   itself at low concentration of  ecdysone  . 
Thus,  E75   triggers the ecdysone-signaling cascade by the binding to the promoters 
of target genes and binding with the target protein. 

 Ecdysone- signaling   cascade starts from inducing  E74   and  E75   under the low 
concentration of the ecdysteroid, and later,  HR3   and  HR4   appear at high concentra-
tions of the hormone, which triggers late genes such as  ßFTZ-F1   that induces again 
 E74   and  E75  . These successively induced ERTFs regulate each target gene, result-
ing in the successive production of CPs that construct new cuticle layers. ERTFs, 
which have diverged during insect evolution and being integrated with ecdysone- 
 signaling   cascade, present a super-complicated and intricate phenomenon (Bonneton 
et al.  2008 ).  

1.2.3     Target Genes of Ecdysone-Responsive Transcription 
Factors 

 The involvement of EcRE in the  Drosophila    DDC    gene promoter (Chen et al.  2002 ) 
and the  Aedes   vitellogenin   gene (Martin et al.  2001 ) was reported.  Drosophila    L71- 1    
(Fletcher et al.  1997 ) and   L71-6    (Urness and Thummel  1995 ) were identifi ed as 
target genes of  E74A  . Targets of βFTZ- F1   are mostly CP genes:  Drosophila  
  EDG84A    (Murata et al.  1996 ),   EDG78E    (Kawasaki et al.  2002 ),   BmorCPR99    (Nita 
et al.  2009 ), and   BmorCPR92    (Wang et al.  2009b ). Most   BR-C          genes function 
together with other ERTFs as reported in  Drosophila    Dronc    (Cakouros et al.  2002 ), 
  BhC4-1    (Basso et al.  2006 ),   DDC    (Chen et al.  2002 ),   BmorCPR21    (Wang et al. 
 2009a ) and   BmorCPR92    (Wang et al.  2009b ). Thus, ERTFs regulate metamorpho-
sis-related genes and  CP  genes, and CP genes are expressed according to their regu-
lation by ERTFs as described by Weller et al. ( 2001 ).  

1.2.4     Remodeling of Chromatin and Histone Modifi cation 

  Ecdysone      also plays a role in the expression of genes through chromatin remodel-
ing. The encyclopedia of DNA elements (ENCODE) has systematically mapped 
regions of transcription, transcription factor association, chromatin structure and 
histone modifi cation, contributed a large scale of information including follow-up 
research (The  ENCODE   Project Consortium  2012 ). Comparison of genome-wide 
histone modifi cation was conducted among  Homo sapience, D.    melanogaster    and 
the nematode,   Caenorhabditis elegans   , and similarities and differences among these 
three species were described (Ho et al.  2014 ). Histone modifi cations during cell 
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differentiation of human stem cell (Dixon et al.  2015 ) and during development of  D.  
  melanogaster    (Nègre et al.  2011 ) were examined, and the functional analysis of 
remodeling factors was implemented (Islam et al.  2011 ; Blanco et al.  2008 ; Zraly 
 2006 ). From  these   studies, chromatin structure and the mechanism of gene expres-
sion became clear, as well as the signifi cance of histone modifi cations. 

 Studies of steroid hormones in vertebrates revealed how they recruit factors that 
generate chromatin remodeling. Progesterone receptor removes a repressive com-
plex by the phosphorylation of H3Ser10 (Vicent et al.  2013 ). Estrogen recruits 
H3K4 methylase (Shi et al.  2011 ) and ERα and H3K9 demethylase (Kawazu et al. 
 2011 ). A  glucocorticoid   recruits chromatin-remodeling complex to the  MMTV pro-
moter   (Johnson et al.  2008 ).    CREB-binding protein (CBP) methylated by  arginine 
methyltransferase   ( CARM1  ) is recruited to the TFF1 promoter, where ERα, 
 CARM1  , H3K18Ac and pol II bind, and after which the histone is acetylated by E2 
(Ceschin et al.  2011 ). 

  Ecdysone   was also reported  to   bring about chromatin remodeling as follows. By 
the addition of 20E,  EcR   and  histone methyltransferase   Trithorax-related (TRR) are 
bound and induces H3K4 methylation (Sedkov et al.  2003 ).  Nucleosome remodel-
ing factor (NURF)   bind to EcR-A and EcR-B2, and mutation of  NURF   decreases 
  BR-C          and  Eig  expression (Badenhorst et al.  2005 ). dDEK is a co-activator of  EcR   
that stimulates remodeling of the chromatin complex (Sawatsubashi et al.  2010 ). 
 Ecdysone   signaling and transcription activation by  EcR   is required for the binding 
of the  Drosophila   EcR   co-factor,  cara mitad  , to chromatin, and for methylation of 
H3K4 by TRR and demethylation of H3K27 by demethylase (Chauhan et al.  2012 ). 
Mutation of  Ash2  decreased   E75A    and   BR-C          expression, and the decrease of the 
binding of H3K4me3 was observed by the chip assay of the   E75A    and   BR-C          pro-
moter (Carbonel et al.  2013 ). Mutant of the histone demethylase (Kdm4) down- 
regulated the expression of   EcR    ,    BR-C          and  E75B  in the presence of 20E, and 
inhibited the development  of    D.    melanogaster    (Tsurumi et al.  2013 ). They observed 
accumulation of H3Kme3 on the   BR-C          promoter, binding of Kdm4A and  EcR   on 
the same sites on the chromosome, and activation of Kdm4A and Kdm4B by 
20E. From these observations, it was suggested that H3K4 methylase was up- 
regulated by  ecdysone   and was recruited to the promoter of the target genes.

    Arginine methyltransferase   1 of  D.    melanogaster    (DART1) binds with  EcR   in the 
presence of 20E (Kimura et al.  2008 ). Knock-out of  DART1  reduced fertility, and 
 DART1  silencing activated the EcRE promoter, and it was concluded that DART1 
functions as co-repressor of  EcR  . Dominant negative mutant of BRM revealed that 
 ecdysone   induced dendrite pruning, and down-regulated   sox14    expression in the 
mutant revealed that  sox14   is a required factor for this function. Existence of 20E, 
 EcR  , BRM  and   CPB was effective in the recruitment of H3K27Ac (Kirilly et al. 
 2011 ). Ables and Drummond-Barbosa ( 2010 ) showed that  ecdysone   affected chro-
matin remodeling in the female  germline   stem cells of  D.    melanogaster    .   Ecdysone   
functions as a key player of the chromatin remodeling system and brings about his-
tone modifi cation, resulting in a change of gene expression profi les. Therefore, chro-
matin remodeling occurs during the change of expression of multiple genes within a 
short time in the presence of  ecdysone   during the  prepupal   stage (Fig.  1.1 ). 
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 In mutations of histone methyl transferase, the  CP  genes are down-regulated 
(Blanco et al.  2008 ). The relationships between  ecdysone  -inducible chromatin 
remodeling and the order of  CP  genes expression need to be elucidated. Shahin 
et al. ( 2016 ) observed fi ve different peaks of  CP  gene expression during the   prepupal   
stage, and suggested that they are regulated by different ERTFs. Some genes that 
showed peaks at different times are clustered in the same locus (Shahin et al.  2016 ). 
  BMWCP1   ,   BMWCP2    ,    BMWCP3    ,    BMWCP4    and   BMWCP5    locate in  tandem   on 
 chromosome 22   of  B.    mori   , but their peak expressions were different. This suggests 
that the chromatin is loosened by  ecdysone   around the locus, and different ERTFs 
can access and activate different target genes (Fig.  1.1 ).  

1.2.5     Juvenile Hormone 

  JH   is a critical hormone that determines the type of cuticule. When its levels increase 
before larval  ecdysis  , the type of cuticle deposited is larval. In  holometabolous 
insects  , JH disappears in the early stages of the last larval instars, then again 
increases before pupation (Niimi and Sakurai  1997 ; Riddiford et al.  2003 ), thereby 
triggering complete pupal  ecdysis   (Riddiford et al.  2010 ) and a pupal type cuticle. 
Adult cuticle is deposited in the absence of JH during the pupal stage. HR38 of  D.  
  melanogaster    is produced in the absence of JH bringing about the adult-type CP 
(Bruey-Sedano et al.  2005 ; Kozlova et al.  2009 ; Cui et al.  2009 ), and it is similar to 
the case of the pupal cuticle production by  BR-C        . CPs for cuticle were named previ-
ously as  LCP  ,  PCP   and  ACP    for   larva, pupa and adult, respectively. Now this divi-
sion is inadequate, since some types of CPs are used for larval, pupal and adult 
cuticle as described in the Sect.  1.4 . 
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  Fig. 1.1    Ecdysone and EcR complex recruit remodeling factors and make access of ERTFs easy 
in the wide range.  Alphabets of a, b  and  c  indicate different ERTFs.  RF  remodeling factors       
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  BR-C         has four different isoforms in  D.    melanogaster    (von Kalm et al.  1994 ),  A. 
aegypti  (Zhu et al.  2007 ),  T.    castaneum    (Suzuki et al;  2008 ) and in  B.    mori    (Ijiro 
et al.  2004 ), that showed different developmental  or   hormonal responses (Fletcher 
and Thummel  1995 ; Emery et al.  1994 ; Bayer et al.  1996 ; Tzolovsky et al.  1999 ; 
Sandstrom and Restifo  1999 ; Mugat et al.  2000 ; Zhu et al.  2007 ).   BR-C           is   ecdysone- 
 inducible   (Bayer et al.  1996 ) and has EcRE in its upstream region (Nishita  2014 ), 
showing high expression during the  prepupal   stage. A  BR-C         mutant showed abnor-
mality after puparium formation (Fletcher and Thummel  1995 ) where the expres-
sion of   rpr    ,    hid    and   crq    is down-regulated, resulting in the inhibition of larval  midgut   
destruction (Lee et al.  2002a ), disordered  appendages   (Tzolovsky et al.  1999 ) and 
defective connections between epidermis and fl ight muscles (Sandstrom and Restifo 
 1999 ).  RNAi   experiments revealed that  BR-C         is necessary for pupal metamorphosis 
(Uhlirova et al.  2003 ; Suzuki et al.  2008 ). Target genes and binding sites of  BR-C         
were identifi ed (von Kalm et al.  1994 ). Different binding sites in promoter regions 
of genes for different isoforms was demonstrated (Table  1.1 );   Dronc    (Cakouros 
et al.  2002 ),   sgs4    (von Kalm et al.  1994 ) of  D.    melanogaster     and    vitellogenin   recep-
tor of  A. aegypti  (Cho et al.  2006 ). 

  RNAi   and chip analyses revealed that   BR-C           Z1  promoter is activated by  EcR   and 
 inhibited   by  E75A   in  D.    melanogaster    (Johnston et al.  2011 ); both  EcR   and  E75A   
bind to the   BR-C          promoter region.  BR-C          family   has expanded to include four iso-
forms during insect evolution (Erezyilmaz et al.  2006 ; Spokony and Restifo  2007 ; 
Suzuki et al.  2008 ).   BmBR-C    has a different promoter than EcRE (Nishita  2014 ), 
and it appears to be related to pupal commitment (Zhou and Riddiford  2001 ) in 
response to insulin signal in  M.    sexta    (Koyama et al.  2008 ).   BR-C           RNAi   promoted 
pupal program and suppressing larval and adult programs in  T.    castaneum    
(Parthasarathy et al.  2008 ). This suggests that  BR-C         has another function for  the 
  fi nal larval instar, being apparently related to a commitment to pupal 
metamorphosis.   

1.3      Application of Genome Information 

1.3.1     Recent Genomic Research, Annotation and Analysis 
of Cuticular Protein Genes 

 Recent genomic analysis has revealed the existence of many cuticle protein genes in 
 D.    melanogaster    (Karouzou et al.  2007 ), other  Drosophila  species (Cornman  2009 ), 
honey bee   Apis mellifera    (Honeybee Genome Sequencing Consortium  2006  ) ,  An.  
  gambiae    (Cornman et al.  2008 ; Cornman and Willis  2009 ) and  B.    mori    (Futahashi 
et al.  2008 ). Most of them are transcribed, and cataloged in EST databases. Over 
200 CP genes were identifi ed in  B.    mori   , and 54 of them were found in  Bombyx  EST 
clones of  wing discs   (Futahashi et al.  2008 ).  Manduca  genome annotation identifi ed 
248 CP genes, including 207 CPR (Dittmer et al.  2015 ). 
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  The   R&R Consensus was found in 156 genes in the  Anopheles  genome (Cornman 
et al.  2008 ), which is 1 % of the total number of predicted genes in this species, and 
many  RR-2   genes were in clusters having similar sequences. Karouzou et al. ( 2007 ) 
annotated 101 CP genes in  D.    melanogaster   , and identifi ed the chromosome band in 
which the gene is located. Futahashi et al. ( 2008 ) which annotated CP genes of  B.  
  mori   , identifi ed 220 CP genes in  Bombyx  genome and classifi ed them into 56  RR-1  , 
89  RR-2  , three  RR-3  , four  Tweedle  , one CPF, four  CPFL  , 29 GRP and 34  CPH  , then 
compared  RR-1   and  RR-2   CPs with those of  D.    melanogaster    and  A.    mellifera   .  

1.3.2     Clustering of Cuticular Protein Genes 

 Snyder et al. ( 1982 ), which found the cluster of CP genes in the  Drosophila  
genome, identifi ed four cuticle protein genes in a 9-kb region and speculated on 
their duplication and evolution. Charles et al. ( 1997 ) also reported a cluster of 
cuticle protein genes of  D.    melanogaster   , where a 22-kb genomic DNA segment 
contained 12 clustered cuticle protein genes at position 65A on the third chromo-
some. By comparing these genes, they found two different genes duplications. 
Expression analysis showed different profi les for these genes (Charles et al.  1998 ). 
Dotson et al. ( 1998 ) obtained a genomic clone including three  An.    gambiae     CP  
genes;   agcp2a    ,    agcp2b    and   agcp2c   , and the latter two have 90 % identity in the 
coding region. Recent genome wide analysis identifi ed the clustering of cuticle 
protein genes in  An.    gambiae    (Cornman et al.  2008 ; Cornman and Willis  2009 ). 
Genome wide clustering of  CP  genes was identifi ed through the  Bombyx  genome 
research (The International Silkworm Genome Consortium  2008 ), where 53  RR-2   
and 26  RR-1   cluster on  chromosome 22  . Liang et al. ( 2010 ) examined the expres-
sion profi les of  CP  genes clustering on  Chromosome 22  , and found that 26  CP  
genes showed co-expression during larval molting, pupal molting and for adult 
cuticular proteins. All of them were for proteins of larval and pupal cuticules, and 
half of them were expressed for the formation of the adult cuticule. Thus, insect 
 CP  genes in several insect species are the result of duplication and mutation dur-
ing insect evolution, and suggests their co- regulation as being related to  chroma-
tin remodeling   as described in Sect.  1.2 .  

1.3.3     Analysis of the Binding Sites of Transcription Factors 

 EcRE of  ecdysone   target genes have been examined (Table  1.1 );   Eip28/28    (Cherbas 
et al.  1991 ; Andrew and Cherbas  1994 ),   hsp 22    (Rudolph et al.  1991 ),   Fbp1    (Laval 
et al.  1993 ),   Ddc    (Chen et al.  2002 ) and   Dronc    (Cakouros et al.  2004 ) of  D.    melano-
gaster    and  Vg  of  A. aegypti  (Martin et al.  2001 ; Chen et al.  2002 ), and the sites of 
EcREs were found at proximal and distal regions. Genome wide EcRE search was 
conducted with a  Drosophila  cell line (Gauhar et al.  2009 ) where 502 sites were 
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identifi ed. Genome wide EcRE search conducted with  Drosophila   E75   (Bernardo 
et al.  2009 ) identifi ed multiple EcREs in a distant place (over 20 kb).

   Transcription factors bind to DNA and activate the RNA polymerase complex. 
ERTFs usually have their binding sites upstream region of their target genes. After 
ERTFs were identifi ed, their binding sites were explored. Binding site of  E74A   
(Table  1.1 ; Urness and Thummel  1990 ) and of  ßFTZ-F1   (Ueda and Hirose  1990 ) 
were identifi ed.  DHR3   and DHR4 are members of  GGG family   and have the same 
binding site (Table  1.1 ; Charles et al.  1999 ). Horner et al. ( 1995 ) examined the bind-
ing of several transcription factors with various nucleotide sequences, and found 
that  EcR   binds to DNA as a heterodimer with  USP  .  EcR  / USP  ,  DHR3  , and  ßFTZ-F1   
bind with the same sequences, like  E75A   and  DHR3   (Table  1.1 ). It is suggested that 
they have the similarity of DNA binding domain and the same origin. Thereafter, 
 DHR3   binding sites downstream of   ßFTZ-F1    were identifi ed (Lam et al.  1997 ). 
Later, the binding of TmGRF (Mouillet et al.  1999 ) and BmGRF (Charles et al. 
 1999 ) to   ßFTZ-F1    binding site was confi rmed; recently, GRF is known as  HR4  . von 
Kalm et al. ( 1994 ) identifi ed the binding sites of  BR-C         by using mutants of  BR-C         

       Table 1.1    EcRE and ERTF 
binding site sequences  

 EcRE  A G G T C A T T G A C C T 
 G A T G G G A C C C A T C 
   T A C                G T A G 

    HR3       A A G T C A 
        G G 

  HR4         A G G T C A 
  E75         A G G T C A 
  E74      A A C C C G G A A G T 

                        T   A 
 ßFTZ- F1       T C A A G G T G G 

  C                        C    A 
  BR-C   Z1  T A A T A A A C A A A T 

 A T T A T G C        G A 
        G    T           G 

  BR-C   Z2     T T T A C T A T T T 
      C    A T            A A 
         G 

  BR-C   Z3      T A A C T A A A 
       A T        T A T G T 
           C 

  BR-C   Z4       A T A A A C A 
              G G          G 

   EcRE  ecdysone receptor response element,  ERTF  
ecdysone-responsive transcription factor;  HR3  , 
 HR4  , E75,  E74   are ERTFs,  ßFTZ-F1  ERTF fushi-
tarazu,   BR-C     Z1  ERTF Brord-Complex Z1 isoform  
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Z1, Z2, Z3, Z4 isoforms and  BR-C         core. DNase I foot printing analysis revealed the 
binding sites of  BR-C         proteins; some of them shared the same elements (Table  1.1 ). 
The result was applied to other genes;  L71  (Crossgrove et al.  1996 ),  hsp 23  
(Dubrovske et al.  2001 ),   Ddc    (Chen et al.  2002 ) and   Dronc    of  D.    melanogaster    
(Cakouros et al.  2002 ) and  VgR  (Cho et al.  2006 ) and  Vg  (Cho et al.  2007 ) of  A. 
aegypti.  Binding and effect of ERTFs on the regulatory region of CP genes were 
later reported.   DGE84    and   DEG78    are CP genes of  D.    melanogaster   , whose pro-
moter activity is regulated by  ßFTZ-F1   (Kawasaki et al.  2002 ; Kayashima et al. 
 2005 ). The binding analysis and following expression profi les of  CP  genes as well 
as the  ecdysone   and ERTF functioning through several stages of  ecdysis  , will be 
later clarifi ed.  

1.3.4     Application of Genomic Information vis-á-vis 
the Cuticular Protein Research 

1.3.4.1     Genomic Research and Expression Profi les of Cuticular Protein 
Genes 

 Liang et al. ( 2010 ) performed microarray analysis using 6676 genes of  B.    mori    and 
divided them into three groups based on their expression timings. Among them, 227 
 CP  genes were detected, and CP genes of cluster A were widely expressed among 
16 developmental stages. Three genes that were carefully examined showed distinc-
tive expression; the expression of   BmorCPR53    was observed at an  intermolt stage   
in addition to molting stages, that of   BmorCPR96    was at larval and larval to pupal 
molting stages, and that of   BmorCPR125    was at a mid-pupal (pharate adult) stage 
when adult cuticle was produced (Kawasaki et al.  1986 ). Three types of regulatory 
elements were identifi ed upstream of 26  CP  genes on  chromosome 22   that showed 
similar expression pattern. Togawa et al. ( 2008 ) conducted RT-qPCR of 156  CPR  
genes in  An.    gambiae    and divided them into 21 clusters with different expression 
patterns. They showed the similarities of expression patterns and levels of expres-
sion in the clustered genes with some exceptions. Okamoto et al. ( 2008 ) examined 
6, 653 ESTs of the fourth molting-stage epidermis of  B.    mori    (epM) and identifi ed 
1380 genes, including 92  CP  genes. By comparing ESTs of epM with another set of 
ESTs of the fi fth instar feeding-stage epidermis (epV3) of  B.    mori   , different expres-
sion patterns between epM and epV3 were found. They revealed expression of sev-
eral kinds of  CP  genes and a larger number of  CP  genes in epM, but  RR-2   gene was 
not expressed at epV3. The results showed different expression profi les of  CP  genes 
between molting and inter-molting stages.   
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1.3.5     Genomic Research of the Regulatory Region of Cuticular 
Protein Genes 

  B.    mori    is an effective insect model for understanding development because of 
extensive genomic research, mass rearing and  in vitro  organ cultures are simple, 
 ecdysone   and JH titers are easy to determine, and the endocrinological conditions 
and timing are simple to handle. Genomic analyses in this species clarifi ed the 
regulatory regions of cuticle protein genes, and ERTF binding sites, which were 
estimated from the genomic information, appeared to be functional as described 
below (Nita et al.  2009 ; Wang et al.  2009a ,  b ,  2010 ). These regulatory sequences 
concerned the  ecdysone   responsiveness and the developmental expression pat-
terns of  CP  genes. A method was devised to identify the ERTF-regulated target 
genes (Nita et al.  2009 ). Cultured  wing discs   were used for reporter assays  in 
vitro , and gold particles with plasmids containing regulatory regions of cuticular 
protein genes and a luciferase reporter were introduced into  wing discs  . After 
 ecdysone   pulse- treatment that brought about CP gene induction that was similar 
to  in vivo  before pupation, high promoter activity was observed in the  wing discs  . 
Mutation of the presumed ERTF binding site reduced the promoter activity, and 
together with  EMSA   analysis, they identifi ed the regulation of CP expression by 
ERTFs.

   Direct regulation by  EcR  / USP   was observed in the expression of the CP gene, 
  BmorCPR21    (previously named as  BMWCP10 ), where  BR-C         functioned together 
with  EcR  / USP   (Wang et al.  2010 ). As observed in Fig.  1.2 , upstream of   BmorCPR21   , 
a putative EcRE was identifi ed, and the reporter assay and  electrophoretic mobility 
shift assay (EMSA)   demonstrated the existence of EcRE and the activation of this 
gene by the binding to  EcR   (Wang et al.  2010 ). 20E treatment activated and muta-
tion of putative EcRE reduced the promoter activity. Transcripts of   BmorCPR99    
(  BMWCP2   ) and   BmorCPR92    (  BMWCP5   ) were induced by an  ecdysone   pulse 
through βFTZ- F1   that was bound to the upstream region of these  CP  genes and 
increased their promoter activity (Nita et al.  2009 ; Wang et al.  2009b ). Thus, CP 

BmorCPR21

bFTZ-F1BR-C

BR-C

EcRE

BmorCPR92

b

a

EcR

  Fig. 1.2    Schematic presentation of different two CP genes that shows differ expression peaks and 
regulated by different ERTFs. BmorCRP92 is regulated by bFTZ-F1 and BR-C, BmorCRP21 is 
regulated by EcR and BR-C       
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genes, which are the downstream targets of  ecdysone   signaling pathway, have 
become key players in clarifying the mechanism of  ecdysone   signaling function. 

 In  Tribolium,    ACP20    promoter activity required the fi rst intron, the upstream 
promoter region of   ACP20    up to position −583 and the presence of 20E (Lemoine 
et al.  2004 ). The regulation of  D.    melanogaster    CP gene,   ACP65A   , was also exam-
ined (Bruey-Sadano et al.  2005 ; Lestradet et al.  2009 ). The fi rst intron of this gene 
was required, and the deletion of upstream region reduced the promoter activity. 
 Both    ACP  genes required fi rst intron for their transcriptional regulation, but the 
mechanism is unclear. As most  CP  genes have short fi rst exons coding for three to 
four amino acids (Willis  2010 ), some functional mechanism in the fi rst intron might 
be relevant here, and is a matter to be elucidated.   

1.4      Regulation of Gene Expression of Cuticular Proteins 

 Recent EST analysis (Mita et al.  2003 ; Kawasaki et al.  2004 ) and genome analysis 
(The International Silkworm Genome Consortium  2008 ; Futahashi et al.  2008 ) of  B.  
  mori    were essential for our insight about the construction of the cuticle via the 
analysis of CP genes. The section below is mainly based on the research on  B.    mori    
CP genes. 

1.4.1     Cuticular Protein Genes in Larval Integument 
During Molting 

 Liang et al. ( 2010 ) reported that the 23  RR-2   CP genes on  chromosome 22   of  B.  
  mori    were expressed at the larval and pupal molting stages. From this report, it was 
concluded that  RR-2   CPs are used for larval  ecdysis  , yet  RR-1   CPs are dominant in 
the larval molting and intermolt stages in the epidermis of  B.    mori    (Okamoto et al. 
 2008 ). Transcripts of  RR-1   and  RR-2   CP genes amount to 61 % and 2 % of the total 
ESTs of CP genes in the fourth molting stage, respectively. The above percentages 
of the epidermis are different from those of the  wing discs   of the  prepupal   stage. 
  CPG    genes, however, contain 29 % of the total ESTs of  CP  genes. 

 The induction of  CP  genes during larval  ecdysis   has been analyzed. Hiruma et al. 
( 1991 ) demonstrated that the  ecdysone   pulse is critical for  M.    sexta     epidermis,  
which was exposed to 2 μg/ml 20E for 17 h before its removal,  induced    LCP-14  
12 h later. Induction of  B.    mori     CPG1  was observed 16 h after hormone removal 
(Suzuki et al.  2002 ). As described in Sect.  1.2 , the ERTF was reported to be induced 
by the  ecdysone   pulse was in fact βFTZ- F1   (Nita et al.  2009 ; Wang et al.  2009b ). As 
described below, possible ERTFs that are the constituent the  ecdysone   signaling 
exist for the induction of  CP  genes. CP genes are induced by the  ecdysone   pulse in 
the larval molting stages in the presence of JH.  
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1.4.2     Cuticular Protein Genes in the Intermolt Stage 

 Reports and analyses of the expression of  CP  genes during the  intermolt stage   are 
few.   LCP16/17    of  M.    sexta    was expressed 2–3 days into the fi nal larval instar 
(Horodyski and Riddiford  1989 );   AgLCP12.3    of mulberry longicorn beetle,  Apriona 
germari , was expressed in the epidermis at the  intermolt stage   (Kim et al.  2003 ). CP 
genes, expressed during larval feeding stage in the epidermis and  wing discs  , have 
been reported (Okamoto et al.  2008 ; Kim et al.  2003 ; Gu and Willis  2003 ; Futahashi 
et al.  2008 ; Togawa et al.  2008 ).   BmorCPR46    (previously reported as  BMWCP11 ) 
showed enhanced expression during the feeding stage and decreased after the 
increase of hemolymph ecdysteroid titers (Futahashi et al.  2008 ). Transcripts of  RR-1   
CP genes were detected but those of  RR-2   genes were not observed during the feed-
ing stage (Okamoto et al.  2008 ). Shahin et al. (unpublished data) observed several 
 RR-1   but not   RR-2    genes in  wing discs   during feeding stage of the last larval instar, 
which is similar to larval epidermis during the feeding stage, as Okamoto et al. 
( 2008 ) reported. The location of these CPs, which were deposited in the cuticle lay-
ers, was not clarifi ed, and the factors that induce these genes during the feeding 
stage were also unclear. The function and the regulatory mechanism of CPs, which 
are expressed during intermolt stage, have not been elucidated.  

1.4.3     Cuticular Protein Genes in the  Prepupal   Stage 

    Thick cuticules are generated dramatically during pupation. A large number and sev-
eral kinds of  CP  genes are transcribed during  prepupal   to early pupal stages of  wing 
discs   of  B.    mori    .  (Takeda et al.  2001 ; Kawasaki et al.  2004 ; Shahin et al.  2016 ). Fifty 
CP genes were transcribed in the  prepupal   to early pupal stages of  B.    mori   , and the 
transcription of  RR-2   CP genes stopped before pupation, while that of  RR-1   genes 
continued until early pupal stage, even if their transcription started at the same time 
as  RR-2   genes. They suggested that the stability of  RR-1   transcripts is responsible 
for the difference between the exo- and endo-cuticle layers. As described above,  RR-
2   CPs were expressed before pupation, suggesting that transcripts expressed before 
pupation construct the  exocuticle   and those expressed after pupation build the 
 endocuticle  . The earliest CPs to be expressed code for proteins with a high percent-
age of His that are involved in sclerotization and creation of the hard  exocuticle   
(Shahin et al. unpublished data). Accordingly, the content of  RR-2   and  RR-1   of 
 exocuticle   and  endocuticle   become different as described in Sect.  1.1  (Fig.  1.3 ).

   Several kinds of CP genes were successively expressed during  prepupal   to early 
pupal stages. Shahin et al. ( 2016 ) observed fi ve peaks of CP gene expression, and 
suggested that each peak is regulated by a different ERTF (Fig.  1.4 ). Different kinds 
of genes were included in each group, suggesting the function of each CP in each 
cuticle layer. It was speculated that ERTFs regulated these different peaks by com-
paring the developmental and  ecdysone   pulse expression between ERTFs and CP 
genes; the fi rst by  HR4  , the second by βFTZ- F1  , the third to fi fth by  E74A  , as shown 
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in Fig.  1.4 . The regulatory mechanism governing the appearance of the second peak 
by ERTF was clarifi ed by Nita et al. ( 2009 ) and Wang et al. ( 2009a ,  b ). Wang et al. 
( 2009b ) demonstrated regulation of   BmorCPR92    by βFTZ- F1   and  BR-C        , where the 
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  Fig. 1.3    Schematic presentation of cuticular layers of pupae. RR2 CPs are deposited in the exo-
cuticular layer. RR1 CPs and other types of CPs are in the exo- and endo-cuticular layers.  EP  
epicuticle,  EX  exocuticle,  EN  endocuticle       
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  Fig. 1.4    Schematic presentation of the regulation of CP expression by different ERTFs during 
prepupal stage. HR3, bFTZ-F1 and E74A regulate A, B and C group CP genes, respectively       
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binding of ERTFs was shown on the upstream  cis- element, and the promoter activa-
tion by the hormone pulse treatment and by abolishment of the binding site by 
mutation (Fig.  1.2 ). For these successively expressed genes, interaction of ERTFs 
should be required as described in Sect.  1.2 . If these ERTFs have distinctive targets, 
the series of gene expression is determined, resulting in the construction of larval, 
pupal or adult cuticules.  

1.4.4     Cuticular Proteins Genes in the Adult Cuticular Layer 

 Induction of adult  CP  genes needs two hormonal conditions, disappearance of JH 
and the  ecdysone   pulse similar to the larval stage. The regulatory mechanism for 
adult cuticle formation is similar to that of larval and pupal cuticle construction 
since ERTFs are expressed in all stages (Shahin et al. unpublished data). In  B.    mori   , 
  E74A    and   E75A    showed peaks at the early pupal stage, followed by the induction of 
 BHR3  and  BHR4  with peaks at the mid pupal stage. The expression of  βFTZ-   F1    
increased from the late pupal stage (Shahin et al. unpublished data). Expression of 
CPs showed peaks at the mid pupal stage, and some  CP  gene transcripts increased 
before eclosion (Shahin et al. unpublished data). It was suggested that the expres-
sion of CPs is related to these ERTFs. 

 JH caused re-expression of   BR-C          in  Manduca  pupal epidermis and in pupal 
wings  in vitro  (Zhou and Riddiford  2002 ). JH application to the white puparium of 
 D.    melanogaster    caused the induction of   BR-C          and the pupal specifi c gene,   EDG78E    ,  
and the reduction of the adult specifi c  CP  gene,   ACP65A    (Zhou and Riddiford  2002 ) .  
The induction of   BR-C          by heat–shock treatment inhibited generation of  DHR38  (Cui 
et al.  2009 ), which affected the adult  CP  gene induction (Cui et al.  2009 ). A mutant 
of DHR38 reduced the expression of an adult specifi c  CP  gene   ACP65A    (Bruey-
Sadano et al.  2005 ; Kozlova et al.  2009 ), and the expression of   ACP65A    required 
DHR38 binding on its upstream region (Cui et al.  2009 ). Thus, the adult  CP  gene 
induction requires the disappearance of  BR-C         and appearance of HR38.  

1.4.5     Different Regulation at Different Stages 

 Hormonal signals in larval feeding, larval molting, larval-pupal molting and mid- 
pupal (pharate adult) stages are different as described above. Nevertheless, several 
genes showed expression at each larval molting stage, larval-pupal molting stage 
and pupal stage as shown by the microarray analysis (Liang et al.  2010 ). The results 
were confi rmed by Northern analysis; transcripts of   BmorCPR53    were observed at 
the fourth molting stage and feeding stage of the fi fth larval instar, and those of 
  BmorCPR96    were observed at every larval molting stages and larval-pupal molting 
stages (Liang et al.  2010 ). Another  CP  gene that showed distinct expression was 
  BmorCPR21    with two different peaks. The fi rst one was demonstrated by Wang 
et al. ( 2009a ,  2010 ) to be regulated by  EcR   directly.  EcR   bound and activated its 
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transcription, and  BR-C         enhanced the activation. The second peak of   BmorCPR21    
was observed at around pupation (Shahin et al. unpublished data); the regulation of 
the second peak is not clear. Some  CP  genes that showed peak expression at the 
 prepupal   stage (Shahin et al.  2016 ) were expressed also at the feeding stage, and 
another  CP  gene that showed peak expression at the  prepupal   stage, again showed 
peaks at the pupal stage (Shahin et al. unpublished data). Complexity of the regula-
tory region of  CP  genes has been developed during insect evolution, resulting in 
diverse cuticular structures.  

1.4.6     Other Factors that Affect the Expression of Cuticular 
Protein Genes 

 Glycine rich proteins of the Colorado beetle   Leptinotarsa decemlineata    were 
induced by the exposure to an insecticide and by dry conditions (Zhang et al.  2008 ). 
 Azinphosmethyl  -resistant and susceptible strains were exposed to 1 μl of 0.25 % of 
the organophosphorus insecticide that is equivalent to the lethal dose to the suscep-
tible strain. Three types of glycine-rich  CP  genes were detected by cDNA dot blot 
hybridization; the strong signal of three GRPs,  Ld-   GRP1   ,  Ld-   GRP2    and  Ld-   GRP3    
in resistant adult beetles of  L.      decemlineata,  while faint signals in the susceptible 
strain. Adult beetles kept in the plastic box containing Dryrite showed induction of 
 Ld-   GRP1    and  Ld-   GRP2    (Zhang et al.  2008 ). They suggested that GRPs play a role 
of resistance to the insecticide by reducing cuticular penetration and reduction of 
water loss (Zhang et al.  2008 ). Two CP genes were upregulated by the treatment of 
 pyrethroid   insecticide in tolerant strain (Awolola et al.  2009 ), four adult CP genes 
were detected by microarray analysis (Vontas et al.  2007 ). 

 Another glycine-rich protein of  B.    mori    ,    BmSIGRP    that contains 41 % glycine, 
was expressed in maxilla, antenna, labrum and labium. Starvation induced   BmSIGRP    
in the mouth region 5-fold compared with the usual diet (Taniai et al.  2014 ), and the 
difference of expression appeared in 3 h. Cuticular abrasion and bacterial infection 
also induced the expression of CP in  Bombyx  epidermis (Asano et al.  2013 ). Heat- 
shock induced the expression of  CP  genes in the abdominal integument of  M.    sexta    
(Fittinghoff-Lohmann and Riddiford  1992 ). 

 These factors induce  CP  gene expression in addition to  ecdysis  , which suggests 
that the induction of  CP  genes serves as protection against stress.   

1.5     Future Prospects 

 Owing to recent genomic and proteomic advances, new information is expected to 
provide better perspectives and insights into the complex and intricate fi eld of genes 
coding for cuticular proteinaceous matrices and their regulatory mechanism. The 
following topics will be the focus of research in the future.
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    1.    Clarifying the regulation of successively expressed  CP  genes, and identifying 
the different targets of different ERTFs.   

   2.    Elucidating the mechanism of chromosome remodeling related with  CP  gene 
expression and the intricate involvement of 20E.   

   3.    Illuminating the order of expression of  CP  genes that determine the combination 
of CPs and consequently, the construction and nature of the cuticle and its 
layers.         
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    Chapter 2   
 Chitin Metabolic Pathways in Insects 
and Their Regulation                     

     Subbaratnam     Muthukrishnan     ,     Hans     Merzendorfer     ,     Yasuyuki     Arakane     , 
and     Qing     Yang    

    Abstract     Chitin, the matrix polymer of arthropod exoskeleton, occurs in three 
forms that have different structural and mechanical properties. In the insect cuticle 
and the peritrophic matrix, individual chitin chains are further organized into higher 
order structures that give chitinous matrices their unique and widely differing prop-
erties such as rigidity, elasticity and waterproofi ng. In this chapter, we review the 
biochemical pathways of chitin biosynthesis, degradation and modifi cation. In 
many cases, there are multiple isozymes for carrying out each step of chitin metabo-
lism with specialization among members of families of isozymes. The gene families 
encoding the enzymes of chitin metabolism and their regulation are presented. The 
roles of chitin metabolism isoenzymes within families as revealed by gene deletion 
studies or RNA interference are discussed. How the association of chitin with dif-
ferent assortments of proteins modifi es the properties of chitin matrices is briefl y 
outlined.  
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2.1       Introduction 

 Chitin, a linear, unbranched aminopolysaccharide, made up of   N -acetylglucosamine   
monomers, is a structural constituent of extracellular matrices such as the cell walls 
of fungi and the exoskeletons of arthropods including insects (Muzzarelli  1973 ). In 
arthropods, the choice of chitin rather than cellulose as the matrix polymer seems to 
have been designed to increase the versatility of the cuticle in response to the need 
to adapt to widely different environmental stresses to which they have been sub-
jected during hundreds of millions of years of evolution in both aquatic and terres-
trial environments. The presence of the amide function in chitin polymer increases 
additional hydrogen-bonding opportunities and possibly confers the ability to cross-
link with other functional groups in the components of the cuticle. In particular, the 
large and anisotropic variations in the physicochemical and mechanical properties 
of the insect cuticle derive from the ability of chitin to be arranged in unique ways 
and its potential to interact with a large assortment of proteins and possibly tanning 
agents during the process of cuticle deposition. In this review, we will focus mostly 
on the metabolic pathways leading to chitin synthesis, modifi cation and degrada-
tion, but we will also address how chitin might interact with different proteins to 
alter the physicochemical properties of chitin-containing matrices. The properties 
of the mineralized exoskeletons of crustaceans and the hydrated  peritrophic matrix   
will be dealt with in other chapters in this book.  

2.2     Structure of Chitin 

 In natural materials chitin can occur in different forms including the α, β and γ 
forms (Lotmer and Picken  1950 ; Ruddal  1963 ). The α-form is the predominant 
form characterized by its strong mechanical properties and low solubility and is the 
form found in the exoskeletons of arthropods including insects. In crustaceans, it is 
heavily mineralized with calcium or magnesium salts, further increasing its strength. 
In the crystal structure of α-chitin, which forms orthorhombic crystals, the unit cell 
has two chains in an antiparallel orientation stabilized by intra-chain H-bonds 
(Carlstrom  1957 ; Minke and Blackwell  1978 ). More recent analysis and refi ne-
ments of high resolution synchrotron X-ray diffraction data of highly crystalline 
α-chitin fi bers have indicated that in this form, there is a three dimensional network 
of H-bonded sheets in which two distinct conformations of C6-O6 hydroxymethyl 
groups exist. These two distinctive O6 atom conformations allow the formation of 
a three–dimensional network of chitin sheets. This maximizes the formation of 
intra-chain as well as inter-chain H-bonds involving this H-atom, the carbonyl 
group (C7) and amino group of the side chain (Sikorski et al.  2009 ; Beckham and 
Crowley  2011 ) that accounts for the extraordinary stability of α-chitin compared to 
cellulose II (Fig.  2.1a ).
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   In β-chitin, which forms monoclinical crystals, the chains are organized in a 
parallel orientation as in cellulose I and forms mostly intra-chain H-bonds involving 
O3H and O5 except for two H-bonds in the a-axis (NH…O7 and O6H…O7). There 
are no H-bonds in the b-c plane (Sarkar and Perez  2015 ; (Fig.  2.1b )). Strong interac-
tions between pyranose rings in adjacent chains do allow formation of stacked 
sheets, but due to the absence of H-bonds between chains in different planes, 
β-chitin can be easily hydrated unlike α-chitin. β-chitin is found in squid pens, 
spines of diatoms, tubes of giant tubeworms and possibly in the  peritrophic matrix   
lining the midgut epithelial cells of insects. These linings lack the structural rigidity 
of cuticles and, in fact, are highly fl exible and hydrated. The chitin in these struc-
tures is associated with a large number of glycoproteins with  mucin domains  , which 
increase their hydration and help forming hydrogels. γ-chitin is found in the cocoons 
of some beetles and consists of both β-chitin and α-chitin but its precise structure is 
not resolved to the same extent as the other two forms of chitin.

2.3        Higher Order Structures Involving Chitin Fibers 
in the Cuticle 

 Arthropod  cuticles   have, in addition to chitin, a wide assortment of proteins, qui-
nones and minerals that contribute to and alter the physicochemical properties of 
the exoskeleton. The estimates of the size of the chitin molecules vary widely (from 
5 to 700 kDa; ~20–3000 monomeric sugars) depending on the technique used for 
the preparation of chitin for these analyses (Kaya et al.  2014 ). The low  molecular 

  Fig. 2.1a    Hydrogen bonding in α-chitin: Bifurcated hydrogen bonds ( broken red  and  blue lines ) 
are formed between the GlcNAc side chain and the O6 side chain of every two residues in a layer 
to the GlcNAc side chain in the layer above. The hydrogen bonds internal to a chain between O5 
and O3/HO3 ( solid red lines ) are self-hydrogen bonds (From Sarkar and Perez  2015 )       
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weight   chitins may represent degradation products occurring naturally due to the 
action of endogenous chitinolytic enzymes or artifacts of the isolation procedures, 
which require harsh conditions. It is often assumed that the average  chitin   nanofi -
bers have 18–25 chitin chains that form a chitin core, which associate with various 
proteins to form chitin-protein composite fi bers with an effective diameter of 
50–250 nm and lengths of 300 nm (Fabritius et al.  2009 ). Since this size is signifi -
cantly smaller than the width of an epidermal cell (~10 μm), several chitin bundles 
must be attached end to end to cover the epidermal cell. These larger fi brils are 
arranged in parallel to form a sheet (or lamina) of chitin parallel to the apical surface 
of the underlying epidermal cells. Additional laminae consisting of chitin-protein 
complexes are added continuously to the growing cuticle from the assembly zone 
between the epidermis and the cuticle during intermolt periods.    These laminae can 
be stacked on top of one another in two ways. In the fi rst pattern, each successive 
layer of fi bers is twisted with respect to the layers above and below by a constant 
angle of rotation of the lamina. This helicoidal pattern of arrangement of successive 
laminae is known to result in isotropic stress resistance. This helicoidal arrangement 
also known as  Bouligand structure   results in an optical illusion in oblique sections 
in which the chitin fi brils assume a  parabolic   shape corresponding to each 180° 
stack (Bouligand  1972 ).  A   second type of arrangement involves a “pseudo- 
orthogonal stack” with two stacks of multiple laminae arranged orthogonally with 
respect to each other with a transitional zone of helicoidal laminae between them 
(Fig.  2.2 ; Fabritius et al.  2009 ). This is similar to a “   cross-ply” laminate used in 

  Fig. 2.1b    Stacking of adjacent chains in β-chitin without involvement of hydrogen bonds (From 
Sarkar and Perez  2015 )       
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constructions. In addition, the vertical stacks of laminae are further stabilized by 
pore canals that traverse the procuticle in a cork-screw-like arrangement. In the 
middle of these canals are pore canal fi bers made of chitin (Fabritius et al.  2009 ). 
The composition of the outer boundary of the pore canals is unknown, but presum-
ably is made up of proteins. Immunostaining using gold labeled secondary 
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  Fig. 2.2    Pathway of chitin biosynthesis in insects. Enzymes of the chitin biosynthesis pathway are 
depicted in  blue , and gene numbers are given in  green  (Modifi ed from Merzendorfer and Zimoch 
 2003 )       

 

2 Chitin Metabolic Pathways in Insects and Their Regulation



36

antibodies indicate that the presence of cuticular proteins in  these   pore canals in 
distinct and often in unique locations (Mun et al.  2015 ).

2.4        Higher Order Structure in the Peritrophic Matrix 

 In contrast to the cuticle,  the   peritrophic matrix (PM)-associated chitin is well 
hydrated, fl exible and can vary widely in thickness and number of layers (Hegedus 
et al.  2009 ; Merzendorfer et al. Chap.   8    ). The PM appears to emerge from the 
microvilli of the epithelial cells that line the midgut of several lepidopteran and 
coleopteran insects both in the larval and adult stages. Successive layers of PM 
(consisting of chitin and proteins associated with them) delaminate from the micro-
villi and form mesh-like tubules covering the lumenal surface of the entire midgut 
epithelium. They do not form laminae as in the cuticle, but form loosely associated 
grid–like structures where the chitin-protein complexes criss-cross each other 
nearly orthogonally (Harper and Hopkins  1997 ; Harper et al.  1998 ). Additional pro-
teinaceous material is added to the forming meshwork, which becomes thicker and 
has a reduced pore size. The structure of the PM and the nature of the proteins asso-
ciated with it are discussed in more detail in the Chap.   8     by Merzendorfer and col-
leagues in this book.  

2.5     Precursors of Chitin and Generation of Activated 
Substrates 

 While it is logical  to   assume that the supply of carbon for the chitin chains found in 
insect cuticle and PM would come ultimately from stored form of sugars such as 
glycogen and from the highly abundant disaccharide,  trehalose  , in circulating hemo-
lymph (10–50 mM), direct proof for this is lacking for insects. However, several 
studies are consistent with this assumption. The enzyme  trehalase   that is needed to 
convert  trehalose    into   glucose is widespread in species that contain chitin (Becker 
et al.  1996 ; Thompson  2002 ). Two isoforms have been identifi ed in most insects, 
one of them a soluble form and the other a membrane-bound form that acts on the 
substrate found in the hemolymph. The glucose liberated by the action of  trehalase   
is presumed to be taken up by cells for utilization in chitin synthesis. In a detailed 
study, the two genes encoding the beet armyworm,   Spodoptera exigua     trehalase   
proteins showed differences in tissue specifi city of expression and were found to be 
highly expressed in cuticle-forming tissues and tracheae.    Their transcript levels also 
showed developmental control with the highest levels reached during pupal stages 
when the rate of chitin synthesis is high (Tang et al.  2008 ; Chen et al.  2010 ).  RNA 
interference   studies using dsRNA for the  trehalase   resulted  in   molting defects and 
 loss of chitin   in the cuticle suggesting the importance of  trehalose   as a precursor for 
chitin (Chen et al.  2010 ). 
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 The activated substrate  for   chitin biosynthesis by the membrane-bound enzyme, 
chitin synthase, is UDP- N -acetylglucosamine. Its formation requires the activity of 
several enzymes including  trehalase  ,  hexokinase  ,  glucose-6-phosphate isomerase  , 
 glutamine-fructose-6-phosphate   aminotransferase,  glucosamine-6-phosphate 
 N -acetyltransferase  ,  phosphoglucosamine mutase   and  UDP- N -acetylglucosamine 
pyrophosphorylase (UAP)   (Merzendorfer and Zimoch  2003 ; Cohen  2010 ; 
Muthukrishnan et al.  2012 ). These enzymes are shared by the glycolytic pathway 
and the pathway leading to the formation of aminosugars (Fig.  2.2 ). In particular, 
the enzyme,  glutamine-fructose-6-phosphate aminotransferase (GFAT)   is the fi rst 
committed step in the formation of a common pathway for the biosynthesis of chitin 
and complex carbohydrates containing   N -acetylglucosamine  . RNAi of one of the 
two genes encoding this enzymes in the yellow fever mosquito,   Aedes aegypti    led to 
 loss of chitin   in the midgut and this was reversed by administration of glucosamine 
into the hemocoel (Kato et al.  2006 ). RNAi of this gene in the blood sucking cattle 
tick,   Haemaphysalis longicornis    resulted in less blood feeding, lower body weight 
gain and ultimately in death (Huang et al.  2007 ). GFAT is also sensitive to feedback 
inhibition by UDP-GlcNAc indicating the importance of this enzyme in regulating 
the fl ow of carbon into this pathway. The functional signifi cance of the presence of 
two genes encoding GFAT has not been explored so far. 

  Another   enzyme of the pathway leading to the formation of UDP- N - 
acetylglucosamine (UDPGlcNAc) has also been studied in some detail. This 
enzyme, named  UDP- N -acetylglucosamine pyrophosphorylase (UAP)   catalyzes the 
transfer of UMP moiety from UTP to   N -acetylglucosamine   to form UDPGlcNAc, 
the substrate for chitin synthase, and pyrophosphate, which is hydrolyzed to inor-
ganic phosphate by the ubiquitous pyrophosphatase. The fruit fl y,  Drosophila  UAP 
enzyme is encoded by a gene named   mummy    /   cystic    /   cabrio    and homozygous mutants 
of this gene show severe  cuticular defects   and tracheal deformities (Araujo et al. 
 2005 ; Schimmelpfeng et al.  2006 ; Tonning et al.  2006 ). RNAi of the  Uap  gene in 
the olive fruit fl y,  Bactrocera dorsalis , results in mortality and abnormal  cuticular 
defects   (Yang et al.  2015 ). There is only one copy of this gene encoding this enzyme 
in most insects with the exception of the red fl our beetle,   Tribolium castaneum   , the 
migratory locust,   Locusta migratoria    and the Colorado potato beetle,   Leptinotarsa 
decemlineata    (Arakane et al.  2010 ; Liu et al.  2013 ; Li et al.  2015 ). Down-regulation 
of transcripts for either gene from  T.    castaneum    results in lethality. However, the 
phenotypes were quite different. Only  TcUap1  appeared to be essential for chitin 
formation in both the epidermal cuticle and gut.  TcUap2  RNAi resulted in develop-
mental arrest  and   shrinkage and pupal paralysis without  affecting   chitin content of 
either the cuticle or the PM (Arakane et al.  2010 ). It is likely that  Tribolium  UAP2 
may be affecting glycosylation (addition of   N -acetylglucosamine  ) of some glyco-
proteins or some other metabolites. RNAi of  L.    migratoria     Uap  resulted  in   molting 
defects but no phenotype was seen after RNAi for  Uap2  from this insect (Liu et al. 
 2013 ). RNAi of  L.    decemlineata     Uap1  gene reduced chitin content of integument 
and tracheal taenidia and affected molting. RNAi of  Uap2  gene from this insect 
adversely affected  peritrophic matrix   integrity and larval growth and led to fat body 
depletion (Shi et al.  2016 ). Thus, the role of the  Uap2  gene varies in different 
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insects.    The presence of a single  Uap  gene in many other insects indicates that a 
single UAP protein contributes UDPGlcNAc needed for both chitin synthesis and 
glycosylation involving addition of   N -acetylglucosamine  , with  T.    castaneum    , L.  
  migratoria     and L.    decemlineata    being exceptions in which the duplicated  Uap  
genes have assumed specialized functions. It is noteworthy that the two human UAP 
enzymes can accept glucosamine-1-phosphate and galactosamine-1-phosphate as 
co-substrates, though with different kinetic constants (Peneff et al.  2001 ). 

  The   pathway leading to chitin from  trehalose   is shown in Fig.  2.2 . In the fi nal 
step, the membrane-bound chitin synthase (CHS) utilizes cytosolic UDP-GlcNAc 
to synthesize and extrude the product chitin chains across the lipid bilayer to the 
extracellular matrix side. The number of genes encoding CHS in most insect species 
genomes is two (Tellam et al.  2000 ; Ibrahim et al.  2000 ; Gagou et al.  2002 ; Zhu 
et al.  2002 ; Arakane et al.  2004 ; Hogenkamp et al.  2005 ). However, several hemip-
teran insects that do not elaborate a PM appear to harbor only one  Chs  gene. 
Examples are the brown planthopper,   Nilaparvata lugens   , the soybean aphid,   Aphis 
glycines   , the pea aphid,   Acyrthosiphon pisum    and the kissing bug,   Rhodnius pro-
lixus    (Wang et al.  2012 ; Bansal et al.  2012 ; Mansur et al.  2014 ). This is similar to 
the situation in nematodes, with some nematode genomes having only one  Chs  
gene, whereas others have two  Chs  genes (Harris et al.  2000 ; Harris and Fuhrman 
 2002 ). Once again, when there is more than one  Chs  gene, there  is   specialization in 
the functions and/or  tissue specifi city   of expression. For example, one  Chs  gene in 
the nematode,   Caenorhabditis elegans    is responsible for producing chitin in the 
pharynx, whereas the other one is involved in production of chitin in the eggshell 
(Veronico et al.  2001 ; Zhang et al.  2005 ). 

 CHS-A  protein   (encoded by  Chs-1  gene) is expressed in epidermal cells of 
insects, tracheal lining cells and embryonic serosal cells that specialize in the syn-
thesis of cuticular chitin, whereas CHS-B protein (encoded by  Chs-2  gene) special-
izes in the synthesis of PM-associated chitin (Arakane et al.  2004 ,  2005 ,  2008 ; 
Bolognesi et al.  2005 ; Hogenkamp et al.  2005 ; Zimoch et al.  2005 ; Chen et al.  2007 ; 
Kumar et al.  2008 ; Rezende et al.  2008 ; Jacobs et al.  2015 ; Chaudhari et al.  2015 ). 
Membrane preparations from larval integuments or guts do exhibit chitin synthase 
activity that is sensitive to inhibitors of chitin synthases (Cohen and Casida 
 1980a ,  b ). Maue et al. ( 2009 ) showed that this enzyme forms an  oligomeric complex   
and there is indication that the enzyme may  require    proteolytic activation   for gain-
ing full activity (Broehan et al.  2007 ). 

 While the two enzymes share extensive amino acid sequence and structural simi-
larities and have all the  conserved motifs   of the glycosyltransferase II family 
enzymes, they differ in some signifi cant ways. The most interesting difference is the 
presence of  alternate exons   in  Chs-   1    gene while they are absent in  Chs-2  genes. 
Depending upon the insect species, there are two sets  of   alternate exons in  Chs-1  
gene, one near the 5′ end and one close to the 3′-end. The set of two alternate exons 
that occurs near the 3′-end of the  Chs-1  gene encodes a 59 amino acids-long region 
that includes the penultimate transmembrane helix in CHS-A protein. Each of these 
alternate exons is of the exact same length (177 nucleotides long). The two 59 amino 
acids-long segments encoded by the two alternate exons of the same  species have 
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signifi cant sequence similarity/identity to each other.    But phylogenetic analysis of 
this region alone from multiple insects belonging to different orders indicates that 
alternate exon “a”-encoded regions from all insect species are more closely related 
to one another than to the “b” form encoded by the second alternate exon-encoded 
region from the same species (Arakane et al.  2004 ; Ashfaq et al.  2007 ; Wang et al. 
 2012 ; Yang et al.  2013 ). Thus, the utilization of  alternate exons   must have occurred 
long before the branching of the insect orders. Furthermore, there must be an evolu-
tionary pressure to conserve this variation in different orders of insects. Of particu-
lar interest is the fi nding that the relative abundances of the two alternative transcripts 
are developmentally controlled at least in  T.    castaneum   ,  Manduca sexta , and the 
oriental fruit fl y,  Bactrocera dorsalis  (Arakane et al.  2004 ; Hogenkamp et al.  2005 ; 
Zimoch et al.  2005 ; Zhang et al.  2010 ; Yang et al.  2013 ) .  The relative abundance of 
the transcript with the exon “a” or “b” changes during developmental stages, with 
the “b” exon becoming prominent in the pupal stage. In addition, the transcripts 
with the “b” exon  seem   to be enriched in tracheae of  M. sexta  and  B. dorsalis  during 
late pupal stages. There are two notable exceptions to this rule. The water fl ea, 
 Daphnea pulex  and the aphid,  A.    pisum   , seem to have only the “b” form of this 
alternate exon (Wang et al.  2012 ). It has been suggested that the “a” form was lost 
in species that had no need to make a PM (Wang et al.  2012 ). 

 The fruit fl y,   Drosophila melanogaster   , embryos with homozygous mutations of 
the  Chs-1  gene (also known as  kkv ), have  a   blimp phenotype and the embryos are 
unable to break open the egg shell (Ostrowski et al.  2002 ; Moussian et al.  2005a ). 
 RNA interference   studies in several holometabolous insects have established that 
the two  Chs  genes have specialized functions. Down-regulation of transcripts for  T.  
  castaneum     Chs-1  gene results in reduction in cuticular chitin, failure to molt, mor-
tality and failure of eggs to hatch without affecting PM-associated chitin. On the 
other hand, RNAi of  Chs-2  gene resulted in loss of PM-associated chitin, growth 
retardation, and  loss of PM integrity   (Arakane et al.  2005 ; Agrawal et al.  2014 ; 
Kelkenberg et al.  2015 ). RNAi at the adult stage resulted in fat body depletion and 
mortality and  loss of chitin   in the PM. Similarly, RNAi of  Chs-2  gene from  A.  
  aegypti     led   to failure to form a PM after having had a blood meal (Kato et al.  2006 ). 
Feeding of   Anopheles gambiae     with   dsRNA for  Chs-1  or  Chs-2  genes along with 
chitosan to promote uptake of dsRNA also led to greater sensitivity to chitin inhibi-
tors and calcofl uor (Zhang et al.  2010 ). Tian et al. ( 2009 ) also reported that  S.    exigua    
larvae fed a diet containing  Escherichia coli  expressing dsRNA for  SeChs-1  gene 
had reduced survival rate. Mansur et al. ( 2014 ) demonstrated that injection of 
dsRNA for the single  Chs  gene in  R.    prolixus    led to severe deformations of the 
cuticle. In female adults, RNAi of this  Chs  gene affected oogenesis, reduction in 
ovary size and a signifi cant increase in degenerated oocytes indicating a novel role 
for CHS in ovary and egg development. Using the same system, Souza-Ferreira 
et al. ( 2014 ) also reported eclosion defects and alterations in the cuticle 
morphology. 

 DsRNAs  specifi c   for splice variants of  Chs-1  gene have also been performed. In 
several insects, dsRNA’s for either of the two alternatively spliced transcripts 
resulted in molting failure and death (Arakane et al.  2005 ; Wang et al.  2012 ; Yang 
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et al.  2013 ). However, the phenotypes and timing of developmental arrest were not 
identical suggesting that the protein products of this  Chs  gene derived from alterna-
tively spliced mRNAs may have distinctly different functions and/or different tissue 
specifi city. One attractive possibility is that one of these isozymes is uniquely 
required for  tracheal cuticle development   and that it cannot be substituted by the 
other isozyme (Hogenkamp et al.  2005 ; Yang et al.  2013 ). 

  Alternative   splicing of an upstream exon of  Chs-1  has been described in some 
lepiodopteran species, including the Asian corn borer,   Ostrinia furnacalis   , the silk 
worm,   Bombyx mori     and M. sexta . In well-studied  Chs-1  gene of  O.    furnacalis   , 
there are  two    promoters   that give rise to two proteins with different  N -terminal 
sequences (Qu and Yang  2011 ,  2012 ). The shorter of the two transcripts uses  a    pro-
moter   located in the 2nd intron of the larger transcript and codes for a protein that is 
nine amino acids shorter. From the third exon, the sequences of the transcripts and 
the encoded proteins are identical.  The   promoter regions of the two transcripts differ 
in the presence of binding sites for the ecdysone receptor or the down-stream tran-
scription factors elements, BR-C or FTZ, of the ecdysone-signaling pathway, sug-
gesting differences in the control of their expression by molting hormone. Consistent 
with this possibility, the relative abundances of the two transcripts also differed at 
different developmental times, most notably during the pupal period and in different 
tissues. 20-hydroxyecdysone (20E)-treatment of early fi fth instar larvae resulted in 
an earlier increase in transcripts with exon 2b and 19b indicating that the  two   pro-
moters respond differently to this hormone (Qu and Yang  2012 ). Down-regulation 
of each of these two transcripts using splice isoform-specifi c dsRNAs resulted in 
molting abnormalities in a signifi cant number of individuals, with the RNAi of the 
longer transcript being more  likely   to produce  severe   molting defects (Qu and Yang 
 2011 ). 

 More recently,  alternative splicing   of transcripts for a gene encoding the CHS-B 
protein from the corn earworm,   Helicoverpa zea    has been reported (Shirk et al. 
 2015 ). One of the two alternative spliced transcripts is predicted to result in a trun-
cated protein and to be devoid of chitin synthase activity. The functional signifi -
cance of this observation  and   whether similar splicing of  Chs-2  transcripts occurs in 
other insects remains to be explored.  

2.6     Towards the Mode of Action of Insect Chitin Synthases 

 Chitin synthase is a member of  the    glycosyltransferase-2 (GT-2)   class of enzymes 
that includes cellulose synthase and hyaluronan synthase. Insect CHS enzymes 
have 15–16 membrane-spanning helices in a characteristic arrangement of three 
sets of transmembrane helices (TMH) with 8–9 helices in the  N -terminal domain 
followed by the catalytic domain in the cytosolic side, immediately followed by a 
second 5-TMH-domain presumed to translocate the nascent polysaccharide, and a 
 C -terminal domain with two TMHs in the central catalytic domain. There are  sev-
eral   conserved motifs characteristic of all chitin synthases as well as cellulose 
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synthases and hyaluronan synthases. These motifs include the CHS signature 
sequence motifs, EDR, QRRRW, and WGTRE (Zhu et al.  2002 ; Moussian et al. 
 2005a ,  b ; Merzendorfer  2006 ) (Fig.  2.3a ). Of these, the EDR and QRRRW motifs 
are close to the active site and are implicated in catalysis and/or binding of sub-
strates based on mutagenic studies with yeast chitin synthases.

   Even though there  are   no crystal structures of GT-2 enzymes from insects, crys-
tal structure of a bacterial cellulose synthase is available. Based on this structure, a 
 model   for a chitooligosaccharide synthase encoded by the bacterial   NodC    gene has 
been proposed (Dorfmueller et al.  2014 ). These studies have led to the conclusion 
that the  NodC   protein has three membrane spanning regions that traverse the lipid 
bilayer in the following order: outside  →  inside, inside  →  outside and the last one 
outside  →  inside with the catalytic domain inside the cytosol where it will have 
access to UDP-GlcNAC (Dorfmueller et al.  2014 ). This proposed model is consis-
tent with the role of the conserved aspartate in the [EDR] motif acting as the base in 
the nucleophilic attack of the 4-OH group of the acceptor sugar. It also explains the 
role of the [Q(Q/R)XRW] motif as part of an α- helix that lines the active site where 
the W residue can stack on the GlcNAc residue at subsite +2 and the R residue 
interacts with the negatively charged diphosphate of UDP-GlcNAc (Dorfmueller 
et al.  2014 ). We have modeled an insect chitin synthase based on the crystal struc-
tures of eight GT-2 enzymes including these two bacterial structures for cellulose 
synthase and  NodC   (Fig.  2.3b ). The notable difference between the  NodC   structure 
and that of the cellulose synthase and insect chitin synthase is the presence of a long 
tunnel at the active site,    which can accommodate several sugars of the elongating 
chains of cellulose and chitin, whereas the  NodC   enzyme has a closed pocket that 
can accommodate only a chain with 5 sugars. The homology model further predicts 
a central, narrow channel formed by 6 TMH. Interestingly, one helix  of   the 5-TMS 
cluster, which was originally predicted to traverse the membrane, is not membrane- 
integral but is attached to the cytosolic side of the membrane (Fig.  2.3b ). This helix 
is bent and seems to control the entry of the chitin-conducting channel. Mutations 
in the  Chs-1  gene of the spider mite associated with resistance for  the   chitin synthe-
sis inhibitor,  etoxazole  , was found to locate in this helix in a bulk-segregant analysis 
(van Leeuwen et al.  2012 ; Demaeght et al.  2012 ). 

 Dorfmueller et al. ( 2014 ) proposed a reaction mechanism in which during the 
fi rst synthetic step both the +1 and −1 sugars rotate, but during elongation, the sugar 
at +1 position rotates only once during two sugar additions as shown in Fig.  2.3 . 
This proposal solves a vexing problem of generating β-1-4 linked sugar polymers 
where alternating  sugars   are turned 180° with respect to one another, while utilizing 
a α-UDP-  N -acetylglucosamine   sugar as the substrate (Fig.  2.4 ).
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  Fig. 2.3    Structural models of the tripartite domain organization of the insect CHS. ( a ) Topology 
of transmembrane helices (TMHs) and soluble domains. The  N -terminal  domain A  of  Drosophila  
CHS-1 contains 8 TMHs, but this number may vary, from 7 to 10 in other insects. The central 
 domain B , forms the catalytic site facing the cytoplasm.  Domain C  was predicted to contain 5 + 2 
conserved TMHs. However, homology  modeling   revealed that one helix does not span the mem-
brane but is attached to the cytosolic side of the plasma membrane, resulting in an intracellular 
orientation of the  C -terminus. Putative motifs involved in nucleotide, donor, acceptor, and product 
binding are indicated. ( b ) Partial 3D structure predictions for CHS-2 from  M. sexta  generated by 
PHYRE2–Homology modeling was performed using the crystal structures of eight GT2 enzymes 
as templates. ( Left ) lateral view, ( right ) top view.  Yellow , β-strands:  red , α-helices;  cyan , highly 
conserved α-helices of the 5 TMS cluster; blue, catalytic site motifs (Structure predictions and 
models were made by S. Gohlke and H. Merzendorfer)       
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2.7        Regulation of Chitin Synthesis 

  During   every intermolt period, insects develop a multi-laminate cuticle which 
seems to arise from the tips of microvilli that are enriched for electron-dense 
“ plasma membrane plaques  ” (Locke and Huie;  1979 ; Locke  2001 ). Presumably, 
these are the sources of cuticular material including cuticular proteins and chitin 
synthase, which synthesize and secrete chitin into the procuticle. The procuticle of 

  Fig. 2.4    Proposed reaction mechanism of chitin synthesis. Chemical drawing of the proposed 
reaction mechanism for  NodC   and chitin synthesis. The 1-hydroxyl group of the donor substrate 
UDP-GlcNAc is transferred onto the non-reducing end of the growing acceptor oligosaccharide. 
When the transfer reaction is completed, UDP leaves the active site. In the fi rst synthesis step, the 
two terminal sugars (−1 and +1) of the growing chain would both rotate while moving into the next 
binding site (+1 and +2). During further elongation, the +1 sugar would only rotate every second 
synthesis step ( red sugar  compared with  blue sugar ). All sugars moving into the +3/+4 subsites 
would remain of a fi xed orientation. This rotation and translocation enables the newly added non- 
reducing sugar to be in the same acceptor position as the previous one (From Dorfmueller et al. 
 2014 )       
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several lepidopteran and coleopteran insects is very thin in the early stage of the last 
instar and keeps growing to  a   thickness of several hundred laminae, almost until the 
fi rst appearance of ecdysial droplets. However, this is the period of low ecdysone 
titers making it unlikely that ecdysone response elements  in    promoter   regions of 
 Chs  genes regulate chitin synthesis directly (Gagou et al.  2002 ). 

 In  O.    furnacalis   ,  the   core  promoter   of  OfChsB  contains the binding sites of only 
early  ecdysone-inducible elements   (BR-C and E74A), but not ecdysone-response 
elements (EcR and USP) (Qu and Yang  2011 ). The consensus sequences for BR-C 
and E74A were also predicted to be within  the   promoter region of  DmeChsB  (Gagou 
et al.  2002 ). The presence of ecdysone-inducible instead of ecdysone-response ele-
ments indicates that  Chs-B  might be in an ecdysone-dependent regulatory pathway 
and not directly stimulated by ecdysone. On the contrary, both of the  alternative 
  promoter regions of  OfChs-A , contain the ecdysone-response element EcR, sug-
gesting that  OfChs-A  could be regulated by  ecdysone   directly (Qu and Yang  2011 ; 
Qu and Yang  2012 ).  

2.8     Chitin Deacetylation and Possible Role in Cuticle 
Assembly 

 The role of  chitin    deacetylation   is still shrouded in mystery. Naturally occurring 
chitin is partially deacetylated as revealed by Fourier transform infrared spectros-
copy, chemical analysis and analysis of enzymatic digestion products by thin layer 
chromatography. Depending on the source of chitin, the degree of deacetylation can 
vary ranging from 5 to 25 %. These estimates are further complicated by the effects 
of the harsh extraction methods utilized for obtaining chitin free of protein and other 
cuticular components including lipids and quinone derivatives. But it is clear that 
 deacetylation   is vital to proper function of cuticles, which diverge widely in their 
physicochemical properties. Interfering with  deacetylation   by RNAi results in 
abnormal tracheal tubes,    cuticle and joint defects, and molting failure and mortality. 
Since no enzyme is known to synthesize chitosan directly from precursors, chitosan 
can only arise by chemical or enzymatic  deacetylation   of preformed chitin. Chitin 
 deacetylation   may be coupled with chitin synthesis in the assembly zone of the 
procuticle because chitin deacetylase (CDA) in the epidermal cuticle is confi ned to 
the assembly zone (Arakane, unpublished data). Even the distribution of chitosan in 
different layers of procuticle has not been studied yet.  

2.9     Chitin Deacetylases in Insects 

 CDAs are metalloproteins belonging to the class of  carbohydrate esterase   family 4 
(CE4) (EC 3.5.1.41) that remove the acetyl group from chitin. They are present in 
all species that have chitin including fungi, nematodes, and arthropods including 
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insects. In insects, these proteins are encoded by a family of  genes   that number from 
4 to 9 (Dixit et al.  2008 ; Campbell et al.  2008 ; Xi et al.  2014 ; Tetreau et al.  2015b ). 
Phylogenetically, insect CDAs fall into fi ve groups with  distinct   domain organiza-
tions (Fig.  2.5 ). While all groups have the CE-4 domain at the C-terminal part, 
groups I and II have two additional domains, a low density lipoprotein receptor-a 
(LDLa) domain and a chitin binding domain (CBD) at the  N -terminal part. The 
group III and IV CDAs lack the LDLa domain but retain the CBD domain (see 
Muthukrishnan et al.  2012  for a more complete description of the fi ve phylogenetic 
groups). The purpose of the additional domains besides the catalytic domain (CE4) 
is not established, but the conservation of representatives of all fi ve groups in most 
insects (some hemipterans and anapleurans lack group II and group V CDAs) sug-
gests that these CDAs are essential for insect survival.

   Evidence for the requirement of distinct CDAs belonging to different groups 
comes from studies of  D.    melanogaster     Cda  mutants, RNAi studies in  T.    castaneum    

  Fig. 2.5    Phylogenetic analysis of chitin deacetylases ( CDA ) from 12 different species:   Anopheles 
gambiae    ( Ag ),  Apis mellifera  ( Am ),   Bombyx mori    ( Bm ),  Daphnia pulex  ( Dp ),   Drosophila melano-
gaster    ( Dm ),  Helicoverpa armigera  ( Ha ),  Ixodes scapularis  ( Is ),   Mamestra confi gurata    ( Mc ), 
 Manduca sexta  ( Ms ),  Nasonia vitripennis  ( Nv ),   Tribolium castaneum    ( Tc ) and  Trichoplusia ni  
( Tn ). A bootstrap analysis of 2000 replications was carried out on the trees inferred from the neigh-
bor joining method and bootstrap values are shown at each branch of the tree. CDAs are divided 
into fi ve different groups: group I ( pink ), group II ( green ), group III ( light blue ), group IV ( brown ) 
or group V ( dark purple ) as described in Dixit et al. ( 2008 ) (Reproduced with permission from 
Tetreau et al. ( 2015b ))       
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and  N.    lugens   , and studies on the suppression of specifi c  Cda  transcripts following 
baculovirus infection of  H. armigera  (Jakubowska et al.  2010 ). Homozygous null 
alleles of two group I  Cda  genes from  D.    melanogaster    ( serpentine  and  vermiform ) 
exhibit convoluted, elongated, and wider dorsal tracheal trunks during embryonic 
development indicating a role for these proteins in regulating tracheal tube dimen-
sions and rigidity. The embryos had a bloated phenotype reminiscent of  Chs  mutants 
indicating loss of rigidity of the cuticle as well (Luschnig et al.  2006 ; Wang et al. 
 2006 ). A detailed RNAi study of all 9  Cda  genes from  T.    castaneum    was carried out 
by Arakane et al. ( 2009 ). These studies have revealed distinct and specifi c functions 
of several CDAs and, in some cases, specifi c splice isoforms. Group I CDAs 
(TcCDA1 and TcCDA2) were both critical for molting and survival during develop-
ment (but not in adult life) indicating that they performed non-redundant, but essen-
tial functions, even though both were expressed in the same tissues. The two splice 
isoforms of CDA2 appeared to regulate different cuticles. RNAi of  Cda2a  isoform 
affected movement of femoral-tibial joints and led to failure of egg hatch. On the 
other hand, RNAi of CDA2b did not affect these functions but led to wrinkled ely-
tral surface. It is likely that there are differences in expression (and requirement) for 
specifi c CDAs and their isoforms in different regions of the insect anatomy. RNAi 
of group I CDAs does lead to reduction in chitin content  and    loss of laminar orga-
nization   (our unpublished data). 

 RNAi of the CDAs belonging to the other four groups in  T.    castaneum    failed to 
produce any visible effects and, therefore, no conclusions regarding their function 
could be drawn, except some speculations based on the tissue specifi city and devel-
opmental patterns of expression. However, RNAi studies using a dsRNA for a group 
IV CDA in  N.    lugens    did result in molting failure (Xi et al.  2014 ). The fi nding that 
several hemimetabolous insects and even mosquitoes do not have group V CDAs 
and the failure to see RNAi effects for this group of CDAs in insects that are 
expressed predominantly in the gut tissue is intriguing. This fi nding suggests that 
the group V CDA may be involved in digestion of chitinous material in the diet or 
some immune function rather than modifi cation of endogenous chitin. It is interest-
ing to note that there is wide variation in the number of proteins belonging to this 
group. 

 CDAs are proteins with leader peptides and are without membrane–spanning or 
obvious membrane-anchoring segments. Therefore, they are expected to be secreted 
from the cells in which they are made. This is consistent with their location in the 
lumen of tracheal tubes and in the procuticle (Luschnig et al.  2006 ; Wang et al. 
 2006 ; Arakane et al.  2009 ). However, a second tissue, namely the fat body has been 
shown to be a source of this protein as well (Dong et al.  2014 ). All CDAs except 
group V members have CBD or LDLa domains that have several cysteines 
 presumably involved in the formation of disulfi de bonds that stabilize the three 
dimensional structures of these proteins. They are thought to partially deacetylate 
chitin consistent with a degree of deacetylation of ~20 % observed in naturally 
occurring chitin. Toprak et al. ( 2008 ) reported that an  M.    confi gurata    CDA expressed 
in  E. coli  could deacetylate colloidal chitin using an  in gel  assay that detects forma-
tion of chitosan. Zhong et al. ( 2014 ) expressed a  B.    mori    CDA in yeast and claimed 
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it has deacetylase activity using an assay involving conversion of p-nitroacetanilide 
to p-nitroaniline. Whether or not this enzyme can deacetylate native chitin remains 
to be proven. Three CDAs belonging to family 1, 2 and 4 were found in the molting 
fl uid of  B.    mori    (Qu et al.  2014 ). The recombinant products of these CDAs were 
catalytically inactive when assayed with the formaldehyde-fl uorescamine method 
(Blair et al.  2005 ). Other attempts to demonstrate deacetylation of chitin using 
 3 H-chitin, colloidal chitin in gel assays, or with chitooligosaccharides as substrates 
using purifi ed CDAs, expressed in a baculovirus expression system, have failed as 
well (Guo et al.  2005 ; Jakubowska et al.  2010 ; Arakane, Dittmer and Muthukrishnan 
unpublished). However, Jakubowska et al. ( 2010 ) reported increased permeability 
of PM incubated  in    vitro    with the CDA preparation from  H. armigera . They also 
reported suppression of transcripts coding for a specifi c CDA after baculovirus 
infection, which suggests a biological function for this protein. Since chitosan is 
present in cuticle and there is no pathway for direct synthesis of this polymer except 
via deacetylation of chitin, we suspect that CDA may be active only on nascent 
chitin and that it may require assistance from other proteins in this process.  

2.10     Chitin Degradation 

 The pathway  of   chitin degradation is almost as complex as the  biosynthetic path-
way  , because the native substrate is crystalline chitin in association with a large 
assortment of proteins in the cuticle, which is often sclerotized. In the gut, chitin is 
in association with an assortment of chitin-binding  peritrophic matrix   proteins, of 
which many have mucin-like linker domains (Tellam  1996 ; Wang et al.  2004 ; 
Campbell et al.  2008 ; Dinglasan et al.  2009 ; Hegedus et al.  2009 ; Merzendorfer 
et al. Chap.   8    ). Very little is known about the reactions that strip away the matrix- 
associated proteins to expose the chitin nanofi brils to chitinases. In the gut and in 
the molting fl uid, there is a large assortment of proteases, which assists in this pro-
cess. The process of matrix-associated chitin  degradation   must be regulated, because 
transcripts for the major chitinase are not detectable in the integument tissue until 
after cessation of the feeding period in each larval instar, and appears only just prior 
to pupation (Kramer et al.  1993 ). In addition, the transcripts encoding chitinases 
essentially disappear after a very short period of a day or two in the molt cycle. 
Likewise, transcripts for some chymotrypsin-like enzymes implicated in molting 
also exhibit developmental control (Broehan et al.  2008 ,  2010 ). 

 Just prior to molting and apolysis, dramatic changes occur at the interface 
between the old cuticle and the underlying epidermal cell layer. The inner 
 unsclerotized part of the old procuticle begins to get degraded as a result of the 
accumulation of hydrolytic enzymes in the molting fl uid, which appears in the space 
between the epidermal cell and the overlying cuticle. The apical plasma membrane-
associated microvilli enriched in electron-dense “ plasma membrane plaques  ” begin 
to degrade and disappear presumably due to endocytosis (Locke and Huie;  1979 ). 
This is followed by the appearance of new microvilli associated with epidermal 
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cells, which are initially devoid of these plaques but become electron-dense soon 
after. These authors also noted that the peak of 20E coincided precisely with the 
timing of disappearance of the plaques and the onset of apolysis. It is likely that 
ecdysteroids control the expression of genes encoding several proteins in the molt-
ing fl uid either directly or indirectly. Injection of 20E into last instar  B.    mori    and  M. 
sexta  larval abdomens isolated from the source of prothoracic hormones by a liga-
ture results in premature appearance of chitinase activity in several insect systems 
(Kimura  1976 ; Fukamizo and Kramer  1987 ; Koga et al.  1992 ). This induction is at 
the level of transcription, as shown by the increase in transcripts for chitinase in the 
same ligated abdominal system described above (Kramer et al.  1993 ; Zheng et al. 
 2003 ). Similarly, Royer et al. ( 2002 ) reported that transcript levels for a larger chi-
tinase (a class II chitinase) increased within 2–4 h after injection of 20E. This induc-
tion was unaffected in the presence of the protein synthesis inhibitor cycloheximide 
indicating that the effect of 20E was directly at the level of transcription and did not 
require continued protein synthesis. However, analysis  of   promoter regions of indi-
vidual chitinase genes has not identifi ed the presence of ecdysteroid responsive ele-
ments. No studies on the binding of 20E-inducible transcription factors  to   promoter 
regions of chitinase genes have been reported. 

2.10.1     Chitinases Are Encoded by a Very Large Family 
of Genes 

 The initial report of the isolation and characterization of a molting fl uid-associated 
chitinase, cloning of a full length cDNA encoding this protein and characterization 
of the corresponding gene by sequencing along with Southern blot analysis with 
probes from the chitinase cDNA, gave rise to the false impression that a single  chi-
tinase gene   was responsible for the appearance of chitinolytic activity in the molting 
fl uid and gut (Kramer et al.  1993 ; Choi et al.  1997 ; Koga et al.  1997 ). As whole 
insect genome sequences became available and functional analyses of individual 
chitinases were increasingly conducted, it became clear that insect chitinases belong 
to a large family of enzymes with  different   domain organizations, expression pro-
fi les,  tissue specifi city   and function. The number of genes in insect genomes encod-
ing chitinases or related proteins ranges from a low of seven to as many as 22 (or 
more) chitinases (Zhu et al.  2004 ,  2008a ; Nakabachi et al.  2010 ; Zhang et al.  2011 ; 
Pan et al.  2012 ; Merzendorfer  2013 ). They have been grouped into ever increasing 
number of subgroups based on a combination of domain organization and/or tissue 
specifi city of expression and phylogenetic analyses as well as functional analyses 
(Zhu et al.  2008c ; Nakabachi et al.  2010 ; Zhang et al.  2011 ; Tetreau et al.  2015a ) 
(Fig.  2.6 ).
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2.10.2        Domain Organization and Structure of Chitinases 

 The  individual   chitinases differ in the number and assortment of catalytic domains, 
chitin-binding domains, serine-threonine-rich linker or  mucin domains   and poly-
cystic kidney disease domains (PKD). It is clear that while there are at least seven 
groups of chitinases with one member in each group in all insects (the body louse, 
 Pediculus humanis corporis  with seven chitinases represents the minimal set), 
expansion of groups and duplications within groups has occurred to raise this num-
ber to ten at present (Fig.  2.7 ).

  Fig. 2.6    Phylogenetic analyses of insect chitinase-like proteins:  Ancylostoma ceylanicum (Ac), 
Agrius convolvuli (Aco) ,   Anopheles gambiae     (Ag) ,   Bombyx mori     (Bm), Brugia malayi (Bma) , 
  Caenorhabditis elegans     (Ce), Camponotus fl oridanus (Cf), Danaus plexippus (Dpl), Daphnia 
pulex (Dp) ,   Drosophila melanogaster     (Dm), Haemonchus contortus (Hc), Harpegnathos saltator 
(Hs), Manduca sexta (Ms) ,   Ostrinia furnacalis     (Of), Papilio xuthus (Pxu), Plutella xylostella (Px), 
Spodoptera litura (Sl), Strongylocentrotus purpuratus (Sp)  and   Tribolium castaneum     (Tc).  A boot-
strap analysis of 2000 replications was carried out on the trees inferred from the maximum likeli-
hood method and bootstrap values are shown at each branch of the tree. CHTs are grouped into 10 
different groups: group I ( light purple ), group II ( green ), group III ( light blue ), group IV ( brown ), 
group V ( dark purple ), group VI ( dark blue ), group VII ( yellow ), group VIII ( red ), group IX 
( gray ), group X ( orange ) or group h ( white  and  dotted lines ). As CHT7 chitinases from Nematoda 
(A . ceylanicum ,  B. malayi ,  C.    elegans    and  H. contortus ) have a  divergent   domain organization 
from other group III chitinases they are highlighted by a hatched  light blue  area. CHT from  M. 
sexta  are indicated in  bold  (Figure reprinted with permission from Tetreau et al. ( 2015a ))       
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   The domain organization  and   conserved motifs of insect chitinases have been 
reviewed recently (Arakane and Muthukrishnan  2010 ; Merzendorfer  2013 ). The 
simplest and smallest chitinases have just the glycosylhydrolase 18 (GH18) domain 
(with a signal peptide coding region), while the largest chitinases have 5 GH18 
domains, and 5–7 CBDs. Full-length cDNA clones for representative chitinases 
from several of these groups have been obtained (Kramer et al.  1993 ; Abdel-Banat 
et al. ( 2001 ); Royer et al.  2002 ; Zhu et al.  2008a ; Wu et al.  2013 ). In some cases, 
they were expressed in baculovirus-insect cells or yeast expression systems and 
shown to have chitinolytic activities (Gopalakrishnan et al.  1995 ; Arakane et al. 
 2003 ; Wu et al.  2013 ; Zhu et al.  2008b ). They differ in their pH optima, kinetic 
constants for chitin versus chitooligosaccharide substrates and affi nity for chitin 
beads.    Vast majority of them have the signature motif 2 (FDGLDLDWEYP or vari-
ations thereof) that has been implicated in catalysis (Watanabe et al.  1993 ; Lu et al. 
 2002 ; Arakane and Muthukrishnan  2010 ). Notable exceptions are chitinases belong-
ing to group V (also known as  imaginal disc growth factors  , or IDGF’s that lack 
catalytic activity; Kawamura et al.  1999 ; Kanost et al.  1994 ) and have additional 
insertion loops (Zhu et al.  2008b ). In particular, the proton donor, glutamate (E resi-
due) that is critical for catalysis in the  conserved   region 2 found in all family 18 
chitinases (Watanabe et al.  1993 ; Lu et al.  2002 ) is replaced with an asparagine or a 
glutamine residue. Unlike the plant derived family 19 chitinases with an inverting 

  Fig. 2.7     Domain organization   of chitinases (CHT) and chitinase-like (IDGF) proteins in insects. 
For each  M. sexta  CHT from each group, one ortholog from  T.    castaneum    (groups I, II, III, IV, V, 
VI, VII, IX, and X),  B.    mori    (group h) or  D.    melanogaster    (group VIII) is represented. These ortho-
logs are representative of the typical domain organization for each group. The domain organization 
was generated with the SMART tool (  http://smart.embl-heidelberg.de/    ) by using the protein 
sequences.  M. sexta  proteins are represented in  black , while proteins from other species are in  red . 
Catalytic GH18 domains ( white boxes ), chitin-binding CBM14 domains ( dark  and  red boxes ), 
transmembrane spans ( hatched boxes ), polycystic kidney disease 1 (PKD1) domain ( ovals ), and 
linker regions ( lines ) are indicated (Figure reprinted with permission from Tetreau et al. ( 2015a ))       
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mechanism that yields α-anomer products, insect chitinases that belong to family 18 
have a retraining mechanism of action and produce β-anomers. It is also likely that 
the action of these enzymes involves substrate-assisted catalysis utilizing the car-
bonyl group of the   N -acetylglucosamine   and the formation of an ozaxolium ion 
intermediate (Brameld et al.  1998 ). 

  The    crystal   structures of a family 1 chitinase from  O. furnacali  in the unbound 
form and in complex with substrates have been determined recently by Chen et al. 
( 2014 ). This study has revealed that the substrate-binding site takes the shape of an 
open groove-like cleft and that the reducing sugar at the −1 site is in the energeti-
cally unfavorable boat conformation (Fig.  2.8 ). This is in contrast to the bacterial 
enzyme SmChiB from   Serratia marcescens   , which has a tunnel–like  substrate- binding 
pocket. Further, the presence of four aromatic amino acids forming a hydrophobic 
plane near the catalytic site were shown to be involved in substrate anchoring, but 
not in catalysis using mutant forms of these enzymes in which these aromatic amino 
 acids   were substituted by other residues.

  Fig. 2.8    The substrate-binding clefts of the OfChtI-CAD ( a ) and SmChiB ( b ) complexes. The 
carbohydrate-binding module and the linker of SmChiB are not shown. The (GlcNAc) 2/3 bound 
to OfChtI-CAD and the (GlcNAc) 5 bound to SmChiB (PDB entry 1e6n) are shown as sticks with 
 yellow C  atoms. The numbers indicate the subsites to which the sugar is bound. The aromatic resi-
dues in the substrate-binding clefts of OfChtI-CAD and SmChiB are labeled and are shown as  blue 
sticks . In OfChtICAD, the four residues forming the hydrophobic plane are shown in cyan. In 
SmChiB, loop 311–322 forming the roof of the tunnel and residues 14–29 forming the blunted 
non-reducing end are labeled (With permission granted on behalf of IUCr)       
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2.10.3        Tissue Specifi city and Regulation of Expression 
of Chitinase Families 

 The timing of appearance  and   locations of the chitinases belonging to different 
groups provide some clues regarding their putative functions. Chitinases belonging 
to groups I and II are found in molting fl uid (for examples see Koga et al.  1992 ; Qu 
et al.  2014 ) and are expressed only in cuticle forming tissue (notably they are absent 
in the gut). Group IV chitinases show the opposite specifi city with strong expres-
sion in the gut during larval stages and low (or no) expression in integument (Zhu 
et al.  2008b ; Zhang et al.  2011 ). Some of them were expressed in insect cells using 
baculoviral expression systems and were also shown to be enzymatically active 
(Gopalakrishnan et al.  1995 ; Zhu et al.  2008b ). The members of group III (and the 
more recently discovered group VIII) chitinases have a membrane-spanning 
domain. Group III chitinases have also been shown to be enzymatically active 
(Arakane, unpublished data; Qing Yang, unpublished data) and their catalytic 
domains are pointing to the cuticle side and therefore are presumed to digest chitin. 
Group III chitinases are expressed predominantly in pupal stages in  An.    gambiae    
(Zhang et al.  2011 ; Noh and Arakane unpublished results; Qing Yang unpublished 
data). This group of  chitinases is   not required for molting  per se , but seems to affect 
the ultrastructure of the cuticle.  

2.10.4     Specialization in the Functions of Families 
of Chitinases 

 The  diversifi cation   in the domain architecture of the many families of chitinases 
may be related to their distinctive biological functions. There are substantial varia-
tions in the  tissue specifi city  , timing of expression and regulation of each family of 
chitinases. RNAi experiments have revealed that group I chitinases are critical for 
molting especially at the pharate adult stage. Down-regulation of transcripts for 
these genes resulted in molting failure and trapping of the fully developed insects 
inside their pupal cuticles (or cuticle from the previous instar) (Zhu et al.  2008c ; 
Zhang et al.  2012a ,  b ; Xi et al.  2015 ; Li et al.  2015 ). However, at earlier stages, this 
enzyme appears dispensable, presumably because other enzymes can fi ll in for this 
enzyme. RNAi of group II chitinases that have four or more catalytic domains 
affected hatching of embryos and molting at every developmental stage indicating 
their indispensable nature. This chitinase is also likely  to   be present in the molting 
fl uid as it has a cleavable signal peptide, though this point has not been studied care-
fully. RNAi of group III chitinases that have two catalytic domains in tandem did 
not prevent adult eclosion but the insects had reduced chitin content in their procu-
ticle,     loss of laminar organization   and abnormal adult cuticles (Arakane, unpub-
lished data). RNAi of group IV chitinases from  T.    castaneum    using dsRNAs for a 
single group IV  chitinase gene   or combinations of dsRNAs for three genes of this 
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group did not result in any visible phenotypes (Zhu et al.  2008c ). However admin-
istration of dsRNA for a group IV chitinase from  O. nubilalis  resulted in an increase 
in chitin content of PM and reduced weight gain of larvae (Khajuria et al.  2010 ). 
RNAi of a group V chitinase-like protein from  T.    castaneum   , TcIDGF4, prevented 
adult eclosion but had no effect at other developmental stages (Zhu et al.  2008c ). 
Similarly in  N.    lugens   , RNAi of chitinases belonging to group I, II, III and V resulted 
in failure of nymph-nymph molt (Xi et al.  2015 ) confi rming that at least these four 
groups of chitinases are indispensable in this insect too. 

 The presence  of   chitinases with  distinct   domain organization and non-redundant, 
but essential functions suggests that they have functions besides  degradation   of chi-
tin in the old cuticle. These could include providing primers for elongation of chitin 
and processing of mature chitin chains for higher level of organization.   

2.11     Chitinolytic  N -Acetylglucosaminidases (EC 3.2.1.52) 
and Their Genes 

  N -acetylglucosminidases (NAGases) have been identifi ed or purifi ed from a variety 
of sources from insects including molting fl uid, hemolymph, integument and gut 
and shown to be enzymatically active (Koga et al.  1982 ; Nagamatsu et al.  1995 ; Zen 
et al.  1996 ; Filho et al.  2002 ; Tomiya et al.  2006 ; Leonard et al.  2006 ; Yang et al. 
 2008 ; Kokuho et al.  2007 ). They belong to  family   20 glycosylhydrolases and pro-
duce hexosamines (  N -acetylglucosamine   and  N -acetylgalactosamine) by cleaving 
aminosugars from the non-reducing ends of chitooligosaccharides or the terminal 
residues of  N -glycans, glycoproteins and glycolipids (Intra et al.  2008 ; Liu et al. 
 2012 ). While some of them may be specifi c for degrading chitooligosaccharides, 
others may be involved exclusively in the removal of hexosamines from  N -glycans 
(Léonard et al.  2006 ; Yang et al.  2008 ), glycoconjugate degradation and egg-sperm 
recognition (Cattaneo et al.  2006 ; Okada et al. 2007; Liu et al.  2012 ). The enzymes 
of the former group act synergistically with endochitinases, which cleave crystalline 
chitin into chitooligosaccharides. They may also alleviate the inhibition of chitin-
ases by accumulating chitotriose and chitotetraose in the molting fl uid (Fukamizo 
and Kramer  1985a ,  b ). 

 NAGases in insects have been divided into three major groups based on phylo-
genetic analyses of proteins predicted from several insect genomes (Hogenkamp 
et al.  2008 ). In addition, insects have additional proteins with lower sequence 
 similarity to these three groups and constitute another branch that includes several 
well- characterized mammalian hexosaminidases involved in glycan processing 
(Fig.  2.9 ).

   NAGases belonging to group I are the major chitinolytic enzymes and are found 
in abundance in insects. They have the highest catalytic effi ciency with chitooligo-
saccharide substrates (Liu et al.  2012 ).  The   crystal structure of NAG-1 (Hex-1) from 
 O.    furnacali s   was determined by Liu et al. ( 2012 ). In  the   crystal structure, this 
enzyme exists as a homodimer and has a deeper and larger substrate-binding pocket 
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  Fig. 2.9    Phylogenetic analysis of insects GH20  N -acetylhexosaminidases (Hex) from 48 different 
species;   Aedes aegypti     (Aa), Acromyrmex echinatior (Ae) ,   Anopheles gambiae     (Ag), Apis mellifera 
(Am), Athalia rosae (Ar), Amyelois transitella (At), Bactrocera cucurbitae (Bc), Bombus impatiens 
(Bi) ,   Bombyx mori     (Bm), Cerapachys biroi (Cb), Ceratitis capitata (Cc), Choristoneura fumifer-
ana (Cf), Camponotus fl oridanus (Cfl ), Cimex lectularius (Cl), Cnaphalocrocis medinalis (Cm), 
Culex quinquefasciatus (Cq) ,   Drosophila melanogaster     (Dm), Danaus plexippus (Dp), 
Dendroctonus ponderosae (Dpo), Fopius arisanus (Fa), Glossina morsitans morsitans (Gm), 
Harpegnathos saltator (Hs), Lucilia cuprina (Lc), Linepithema humile (Lh) ,   Locusta migratoria    
 (Lm), Lasius niger (Ln), Mamestra brassicae (Mb), Musca domestica (Md), Monomorium phara-
onis (Mp), Megachile rotundata (Mr), Manduca sexta (Ms) ,   Nilaparvata lugens     (Nl), Nasonia 
vitripennis (Nv), Orussus abietinus (Oa), Operophtera brumata (Ob) ,   Ostrinia furnacalis     (Of), 
Pediculus humanus corporis (Phc), Papilio xuthus (Px), Plutella xylostella (Pxy), Spodoptera fru-
giperda (Sf), Solenopsis invicta (Si) ,   Tribolium castaneum     (Tc), Trichoplusia ni (Tn), Trichogramma 
pretiosum (Tp), Vollenhovia emeryi (Ve), Wasmannia auropunctata (Wa), Xestia cnigrum (Xc), 
Zootermopsis nevadensis (Zn).  A bootstrap analysis of 2000 replications was carried out on the 
trees inferred from the neighbor joining method and bootstrap values are shown at each branch of 
the tree. Hexs are divided into four different groups: group I ( light red ), group II ( light blue ), group 
III ( light purple ), group IV ( light green ) (Figure reprinted with permission from Tetreau et al. 
( 2015a ))       
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capable of binding oligosaccharides compared to the human and bacterial enzymes, 
which can accommodate only one sugar in their active site pockets. They are 
expressed at high levels in the larval carcass, and down-regulation of the transcripts 
for these genes has been shown to result in  severe   molting defects and death at the 
next molt in  T.    castaneum    and  O.    furnacalis    (Hogenkamp et al.  2008 ; Liu et al. 
 2012 ). 

  TcNag2  is expressed predominantly in the midgut in the larval stage. However, 
RNAi of this gene resulted in only lower mortality during larval-larval and larval–
pupal molts but substantial mortality at the pharate adult stage indicating its role in 
molting. The tissue specifi city  of   expression of this gene at the pupal stage has not 
been reported so far. The enzymatic properties of Hex2 show that it is an enzyme 
with broad substrate-spectrum capable of hydrolyzing  N -acetylhexosamine from 
chitin oligosaccharides,  N -glycan and glycolipids (Liu et al.  2012 ). But unlike 
human Hex A, OfHex2 could not degrade charged substrates such as ganglioside 
GM2 and peptidoglycan. Real-time PCR analysis demonstrated that the  expression   
of the  O.    furnacalis     Hex2  was up-regulated in larva and pupa, and mainly occurred 
in the carcass rather than in the midgut during the feeding stage of fi fth (fi nal) instar 
larva. RNAi of  Hex2  caused non-lethal but severe abnormalities of larval abdomen, 
pupal and adult appendages (Liu et al.  2013 ). Thus its properties are consistent with 
a more limited role in degradation of chitooligosaccharides compared to NAG1. 

 The third group of NAGases is called FDLs based on prior nomenclature of an 
orthologous gene from  D.    melanogaster   , which has “ fused lobes  ” phenotype 
(Leonard et al.  2006 ). The DmFDL was shown to release α-1,3-linked mannose of 
the core pentasaccharide of  N -glycans, but does not act on chitotriose or on the 
GlcNAc-GlcNAc bonds in  N -glycans. DmHex3 may be involved in sperm-egg rec-
ognition and in fertilization (Cattaneo et al.  2006 ). The tissue-specifi c  expression   
pattern analysis indicated that OfHex3 was mostly localized in the fat body and 
testis. Thus the enzymes of this group are like to be involved in deglycosylation of 
hexosamine residues from terminal positions of  N -glycans or glycolipids. In the 
molting fl uid of  O.    furnacalis   , an interaction between OfHex3 with OfHex1 was 
detected by co-immunoprecipitation (Qu et al.  2014 ). Enzymatic activity analysis 
indicates that OfHex3 is able to degrade chitooligosaccharides, but at a lower rate 
than that of OfHex1, and had no ability to hydrolyze other glycans from glycopro-
teins and glycolipids. A recent proteomic analysis proved the presence of Hex-3 
(FDL) in the molting fl uid of  B.    mori    (Qu et al.  2014 ). Thus the precise function of 
enzymes of the FDL group remains to be resolved. 

 The fourth group of  N -acetylglucosamindases in insects is grouped along with 
hexosaminidases from mammalian and other sources. The enzymes of this group 
have a broad specifi city for sugars containing either   N -acetylglucosamine   or 
 N -acetylgalactosamine and there is only limited evidence for their role in chitin 
metabolism and will therefore be not discussed in this review.  
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2.12     Additional Proteins Involved in Chitin Protection 
and Degradation 

 One of the reasons that chitin in the cuticle  is   remarkably stable is its fi rm associa-
tion with other proteins. In fact, the formation of chitin laminae requires the partici-
pation of CDA and  Knickkopf (KNK)   (our unpublished results; Moussian et al. 
 2005a ,  b ; Chaudhari et al.  2011 ,  2015 ) as well as Obstructor–A (CPAP3-A) (Pesch 
et al.  2015 ). KNK, CDA as well as  cuticular proteins analogous to peritrophins 
(CPAPs)   that have one or three CBDs have been predicted or shown to bind to chitin 
(Jasrapuria et al.  2010 ,  2012 ; Petkau et al.  2012 ). Removal of these proteins from 
chitin-protein complexes may be an essential prerequisite for chitin  degradation  . 
The specifi c protease(s) involved in this turnover have not been characterized. But 
the fi nding that RNAi of some chymotrypsin-like proteins in  T.    castaneum    results  in 
  molting defects similar to RNAi of chitin synthase indicates that these proteins may 
be important for digestion of the old cuticle (Broehan et al.  2010 ).    The roles of 
PMPs that associate with chitin in the midgut will be discussed by Merzendorfer in 
Chap.   8    .  

2.13     Cuticular Proteins Analogous to Peritrophins (CPAPs) 

  Several   cuticular proteins  contain   peritrophin-A type chitin binding motifs, and they 
have been described in all insects. These are all expressed only in cuticle forming 
epithelial cells and predicted to be secreted proteins. Some of them have been local-
ized either within the cuticle or the molting fl uid. They have been grouped into two 
families based on the number of these chitin-binding domains they contain. The 
 family   with one CBD has been named CPAP1 family and that with three CBDs was 
named CPAP3 family (Jasrapuria et al.  2010 ). The CPAP3 family members were 
originally named GASPs or “ Obstructors  ” in  D.    melanogaster    (Barry et al.  1999 ; 
Behr and Hoch  2005 ). The CPAP1 family has been subdivided into 15 subfamilies 
(Tetreau et al.  2015a ,  b ) and the CPAP3 family was divided into 9 subfamilies (Behr 
and Hoch  2005 ; Jasrapuria et al.  2010 ). RNAi for some of the genes encoding these 
proteins indicated that they affect either molting, integrity, morphology or the ultra-
structure of the cuticle. Some of them are essential for survival while others produce 
visible morphological defects in cuticles of different parts of the insect’s anatomy or 
joint defects (Petkau et al.  2012 ; Jasrapuria et al.  2012 ; Pesch et al.  2015 ). These 
proteins may be involved in organization of chitin into laminae or higher order 
structures, or the formation of pore canals or  tra  cheal tubules or other chitin- 
containing structures such as denticles.  
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2.14     Cuticular Proteins Belonging to R & R and Other 
Groups 

 The chitin in the procuticle is also associated with several other proteins that have 
chitin binding domains other than  the   peritrophin-A domains. A large assortment of 
cuticular proteins with one of the three types of  Rebers & Riddiford (R & R)   consen-
sus motifs have been identifi ed and classifi ed into multiple groups. The reader is 
referred to recent excellent reviews on this topic (Willis  2010 ; Willis et al.  2012 ) and 
to the chapter on cuticular proteins by Heideki Kawasaki (Chap.   1    ). Other proteins 
were shown to be associated with some specialized exoskeletal structures. Some 
insects such as locusts, fl eas and click beetles use deformations of exoskeleton as a 
way to store energy for sudden release. The exoskeletons of these insects have, in 
addition to chitin, an elastic protein known as  resilin  , which contains di- or tri-tyrosine 
linkages thought to be involved in energy storage. These insects use the combination 
of the stored energy in the chitinous cuticle and  resilin   to power their sudden move-
ments. For example, froghoppers have bow-shaped pleural arches linking the coxa to 
the hinge of the hindwing that contains  resilin   to store energy by deformation of these 
bow-shaped chitin- resilin   composites (Burrows et al.  2008 ). A more extensive descrip-
tion of  resilin   and its role is described by Gorb et al. in Chap.   4     of this book.  

2.15     Concluding Remarks 

 In the past, studies of biosynthesis, turnover, and assembly of matrices containing 
chitin had been hampered by the diffi culties of developing soluble systems to study 
them biochemically and by the fact that many of these reactions occur in extracellular 
spaces. Advances in genomics and proteomics and applications of  RNA interference   
and ultra-structural analyses have provided new insights into how chitin-composites 
are assembled and turned over. In the near future, we can expect to see several new 
studies that will provide more details of the dynamics of assembly and turnover of 
cuticle and PM. They will also reveal the roles of the numerous proteins and small 
molecules that participate in the overall process of how these complex extracellular 
structures are shaped and how they function in supporting several physiological pro-
cesses that are vital for insect survival and extraordinary resilience.     
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    Chapter 3   
 Molecular Model of Skeletal Organization 
and Differentiation                     

     Bernard     Moussian    

    Abstract     The insect cuticle is an extracellular composite matrix deposited and 
organized by underlying epithelial cells. It protects the animal against dehydration, 
serves as a barrier against xenobiotics, pathogens and predators, and, as an exoskel-
eton, allows locomotion. To accommodate its various functions, the different com-
ponents of the cuticle – the polysaccharide chitin, proteins, lipids and 
catecholamines – interact with each other forming a tri-dimensional structure. 
Despite its emergence in the Cambrium, this structure has retained its basic organi-
zation in all insect orders tested. Three horizontal layers are distinguished: the outer 
envelope, the middle epicuticle and the inner procuticle. The histology of the cuticle 
and the processes of its formation were analysed in detail especially in the kissing 
bug  Rhodnius prolixus  and the larger canna leafroller  Calpodes ethlius  particularly 
by electron microscopy. Most of the essential molecular players involved in cuticle 
formation were identifi ed and characterized in the last decade using the fruit fl y 
 Drosophila melanogaster  and the red fl our beetle  Tribolium castaneum  as model 
insects employing genetic tools. This chapter aims at merging our histological and 
molecular knowledge by summarizing the central works on these four exemplar 
insect species.  

3.1       Introduction 

 After a period of 13 or 17 years spent underground  as   larvae, a large number of adult 
 cicadas   of the genus   Magicicada    emerge and invade forests where they eat and mate 
(Karban et al.  2000 ; Karban  2014 ). And then end up in the stomach of a number of 
vertebrates including birds: Selma Lagerlöf describes impressively in her children’s 
book “The wonderful adventures of Nils” how at the beginning of spring in Sweden 
awakening  insect   larvae populate large landscapes to boost primarily bird happiness 
expressed in their singing. Is this the fate of all insects, to be food for vertebrates? 
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While indeed insects seem to be the protein source for bigger animals in many 
different ecological systems, at their own scale they are successful players, together 
assigning them as key elements of many natural environments. Especially in man- 
made environments they have attained doubtful fame as pests. In the up to 17 years 
before their  eclosion  , the   Magicicada       larvae live in the forest soil where they 
presumably contribute to soil and root ecology. 

 Insects are the most species-riches taxonomic class and occupy diverse terrestrial 
and marine ecological niches. A major defi ning structure of insects is their cuticle, 
a stratifi ed  extracellular matrix   that is produced by the underlying epidermal cells. 
It is composed of the  polysaccharide    chitin  , proteins and  lipid  s, as well as small 
organic and inorganic molecules. The composition of the cuticle varies among body 
parts and species. In general, regardless of its exact composition, it is an essential 
coat that withstands the internal pressure of the animal thereby serving as an  exo-
skeleton  , at the same time protecting the organism against environmental harm and 
aggression. Numerous publications especially from the thirties to the eighties of the 
last century authored amongst others by Vincent Wigglesworth and Michael Locke 
have documented in great detail the ultrastructural  architecture   of the cuticle in vari-
ous insects, important model insects being the  kissing bug     Rhodnius prolixus    and 
the larger canna  leafroller     Calpodes ethlius   . Following the terminology of Locke, 
the prototype of the cuticle consists of the three main composite layers: the outer-
most  envelope  , the middle  epicuticle   and the inner  procuticle   (Fig.  3.1 ) (Locke 
 2001 ). During the last decade or so, in the genomic era of insect biology, and based 
on genetic and molecular work in the fruit fl y   Drosophila melanogaster    and the red 
fl our beetle   Tribolium castaneum   , a detailed scheme of the molecular structure was 
drawn and ultimately would be merged with the histological scheme of the cuticle.

   Comprehensive approaches describing the molecular model of cuticle organisa-
tion and differentiation have been published recently (Gilbert  2012 ; Moussian 
 2013 ). Therefore, in this chapter, I chose to take another approach and sketch this 
problem by summarising the main and fundamental results obtained from studies of 
the above-mentioned four model insects.  

3.2     Cuticles of Model Insects 

3.2.1     The Cuticle of  Rhodnius prolixus  

 Sir Vincent Wigglesworth’s seminal work on the arthropod cuticle is to a large 
extent based on the analyses of the  kissing bug    R. prolixus. R.    prolixus    is the vector 
of the protozoan   Trypanosoma cruzi    that causes  Chagas fever   in many subtropical 
and tropical regions (Abad-Franch et al.  2015 ). The actual reason Wigglesworth 
chose the  kissing bug   as a model insect was that staging of developmental and 
growth events (including cuticle formation) can easily be monitored in this animal 
because  moulting   is thoroughly controllable by blood feeding (Riddiford  2007 ). 
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 The  R.    prolixus    cuticle as described by Wigglesworth, consists of two composite 
layers that are subdivided in sub-layers (Fig.  3.1 ). The  procuticle   that may consist 
of an endo- and an  exocuticle  , is the chitin-bearing layer. Package  of   chitin  laminae   
in the  exocuticle   is tighter than in the  endocuticle  . Moreover, the  exocuticle   appears 
to be tanned, while the  endocuticle   is not. The  epicuticle   is the outermost composite 
layer that is devoid  of   chitin. According to Wigglesworth’s terminology, the  epicu-
ticle   is subdivided into the outer and the  inner epicuticle     . The  outer epicuticle      
corresponds to the  envelope   of Locke’s terminology, while Wiiglesworth’s  inner 
epicuticle      is termed the  epicuticle   proper by Locke ( 2001 ). Amongst others, 
Wigglesworth revealed especially important features about  lipid   distribution in the 
 epicuticle   by sophisticated electron microscopy (Wigglesworth  1970 ,  1985a ,  b , 
 1988 ). Developing and using elaborate histological techniques, he showed that  lip-
id  s are prominently present in the  envelope   ( outer epicuticle     ), but also impregnate 
the  inner epicuticle      and the chitinous  procuticle  . This fi nding was confi rmed in the 

  Fig. 3.1    The prototype of the insect cuticle, here the  D.    melanogaster    3rd instar larval cuticle ( red 
bracket ) by electron microscopy, is composed of three major horizontal layers at the apical site of 
epidermal cells that produce and organise them. The outermost layer is called  envelope   (env). 
Underneath lies the epictucicle (epi) that abuts the innermost  procuticle   (pro), which is laminar 
(lam,  dashed lines ). Adjacent to the apical site of the cell is the assembly zone (az, see Fig.  3.3 ), 
where cuticle material is deposited for sorting. The  envelope   and the  epicuticle  , according to 
Wigglesworth, constitute the outer and the  inner epicuticle     , respectively (see text). It is not possible 
to visualise free  lipid  s at the surface of the cuticle at the ultrastructural level due to fi xation proto-
col that involved  lipid   solvents. The basal site of the cell is covered by the basal membrane (bm) 
Scale bar 1 μm       
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house cricket   Acheta domesticus    by Hendricks and Hadley ( 1983 ). Together these 
data suggest that cuticle  lipid   distribution is comparable in different insect species. 
In addition to the surface of the cuticle and within the  epicuticle  ,  lipid  s could also 
be detected in the chitinous  exocuticle  . Since  Rhodnius  (a hemipteran) and  Acheta  
(an orthopteran) were separated very early in insect evolution, this suggests that 
 lipid   distribution within the cuticle may be very similar in all insects. The major 
 lipid  -containing molecule – probably in all insects – is  cuticulin  , a complex of pro-
teins associated with  lipid  s, which forms the so-called  sclerotin   that in turn interacts 
with phenolic compounds including  catecholamines  . The concept of  cuticulin   as the 
waterproof component of the insect cuticle was developed by Wigglesworth based 
on the work of Pryor in ( 1940 ). The exact molecular constituents of  cuticulin   have 
not yet been determined. 

 Wigglesworth also speculated that  cuticulin   or commonly  lipid  s might contribute 
to cuticle stiffness. An interesting and general issue that was investigated in  R.    pro-
lixus    is that mechanical properties of the cuticle may change depending on the phys-
iological conditions. This aspect of cuticle  plasticization   in  R.    prolixus    was 
investigated fi rst by Bennet-Clark ( 1962 ) and then more extensively by Stuart 
Reynolds in Cambridge (see below). The main results of these analyses are that 
 cuticle   plasticization relies on intracuticular interaction between macromolecules 
and that changes of intracuticular pH values rather than of the ionic strength modu-
lates these interactions (Reynolds  1974a ,  b ,  1975 ).  Cuticle   plasticization is not 
unique to  R.    prolixus    but also occurs in other insects at the time of  moulting   (e.g. 
 Calliphora  and  Manduca  (Reynolds  1985 )) Possibly all insects can make use of this 
phenomenon at appropriate times in their lives. Another blood feeder, the com-
pletely unrelated (and non-insect)  South African bont tick     Amblyomma hebraeum    
 also   plasticizes its cuticle at the time of feeding, possibly using a similar mechanism 
to  R.    prolixus    (Kaufman et al.  2010 ). This may indicate that  cuticle   plasticization is 
an evolutionarily ancient phenomenon. These fi ndings should prove useful in under-
standing the mode of action of cuticle proteins that are being identifi ed and studied 
in recent era of the genomic and molecular of cuticle research. 

 Research on the model insect  R.    prolixus    has been boosted recently by the 
research groups around Monica Moreira and Hatisaburo Masuda at the federal uni-
versity of Rio de Janeiro and the Instituto Nacional de Ciência e Tecnologia em 
Entomologia Molecular in Rio de Janeiro, which has published a couple of impor-
tant papers on molecular and histological aspects of  R.    prolixus    cuticle composition 
(Souza-Ferreira et al.  2014a ,  b ). This group applied classical extraction and modern 
proteomic techniques to determine major components of the  R.    prolixus    cuticle. By 
 mass spectrometry  , a total of 68 proteins were identifi ed from embryonic cuticle 
extracts. Some of these proteins belong to families of classical insect  chitin-binding   
cuticle proteins including  CPR  s,  CPF  s and  CPAP  s that have been extensively stud-
ied especially in the African malaria mosquito   Anopheles gambiae    (Cornman et al. 
 2008 ; Cornman and Willis  2009 ). Functional analyses of these proteins have not 
been carried out. Together, the classical detailed histological data on cuticle ultra-
structure and recent molecular information will render the  kissing bug   a highly wel-
come and appreciated model insect to understand cuticle biology.  
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3.2.2     The Cuticle of  Calpodes ethlius  

 The  lepidopteran    C.    ethlius    was the laboratory pet of Michael Locke. The  architec-
ture   of the cuticle is basically the same as in  R. prolixus . In 2001, he published a 
scheme of the cuticle unifying the nomenclature that we are using today and which 
was mentioned above. The outermost layer that was called  outer epicuticle      was in 
this scheme named, for the fi rst time, the  envelope  . The layer underneath the  enve-
lope   is termed the  epicuticle  , which in this scheme is no longer subdivided into 
zones. Finally, the entire chitinous layer is called  procuticle   that may be subdivided 
into the sclerotized  exocuticle   and the non-sclerotised  endocuticle  . 

 In two seminal works, Locke reported on the cellular mechanisms of cuticle 
formation in  C.    ethlius    (Locke et al.  1965 ; Condoulis and Locke  1966 ; Locke and 
Huie  1979 ). In brief, actin-cored  microvilli   protruding at the apical plasma mem-
brane carry electron-dense  plaque  s at their tips  where   chitin is synthesised and 
extruded to the growing cuticle. Proteins and probably  lipid  s are deposited in the 
valley between  microvilli  , a region he called  perimicrovillar compartment   (Locke 
 2003 ). 

 At this point, it should also be noted that the concept of pore canals as transport 
routes for  lipid  s in the insect cuticle has been studied extensively in  C.    ethlius   . 
Locke discriminated between the pore canals with a diameter of 150–200 Å that run 
through the entire  procuticle   and the so-called “wax canals” that have a diameter of 
60 Å and emerge from the pore canals in the apical regions of the  procuticle   enter-
ing the  epicuticle   and contacting the  envelope   at the cuticle surface (Locke  1961 , 
 1965 ,  1966 ). Wax canals are also found in non-insect arthropods such as  scorpions   
(Filshie and Hadley  1979 ) underlining that they are ancient structures that evolved 
before the separation of  chelicerates   and insects. A central fi nding in the characteri-
sation of pore and wax canals was the detection of an esterase in these structures 
(Locke  1961 ). Overall, however, the molecular constitution of the pore and wax 
canals remains enigmatic (see below). 

 Some molecular data are available on the  C.    ethlius    cuticle. Sixteen proteins 
were detected in the cuticle of  C.    ethlius    caterpillars using random polyclonal anti-
bodies raised against integument and  haemolymph   extracts. Five proteins were 
detected within the  procuticle  , four in the pro- and one in the  epicuticle  , while only 
one was present in the  epicuticle   alone. Three antigens were found at the plasma 
membrane. Three other proteins are associated with  ecdysial droplets   that are sup-
posed to digest the old cuticle during  moulting  . In the same work, using gold- 
conjugated wheat germ agglutinin (WGA) that recognises  N-acetylglucosamine   
residues, it was confi rmed  that   chitin is a component of the  procuticle   but not the 
 epicuticle   (Locke et al.  1994 ; Marcu and Locke  1999 ). What do we learn from these 
data? Assuming that detection was unambiguous, we can conclude that despite the 
distinction between  the   chitin containing  procuticle   and the chitin-less  epicuticle   as 
separate entities, some proteins are nevertheless shared by both of these layers. In 
summary, molecular biology of the  C.    ethlius    cuticle is sparse. Unfortunately, since 
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the genome of  C.    ethlius    has not been sequenced, identifi cation of the main players 
of cuticle formation and structure remain elusive. 

 By contrast, the genomic sequences of other  lepidopteran   species such as the 
silkworm   Bombyx mori    and the tobacco hornworm   Manduca sexta    are available 
(Wang et al.  2005 ; Zhong et al.  2006 ; Dittmer et al.  2015 ; Tetreau et al.  2015a ,  b ). 
Their cuticle, however, has been less intensively described, although a few descrip-
tions have been published (Kawase  1961 ; Mitsui and Riddiford  1976 ; Wolfgang and 
Riddiford  1981 ; Ziese and Dorn  2003 ). Thus, in summary, some considerable work 
lies in front of us to enhance our merged understanding on the  lepidopteran   cuticle 
at the ultrastructural and molecular levels.  

3.2.3     The Cuticle of  Drosophila melanogaster  

3.2.3.1     Cuticle Structure 

 The ultrastructure  of   cuticle formation in the  embryo   of the fruit fl y  Drosophila 
melanogaster  was fi rst described in 1970 by Ralph Hillman and Lorraine Heller 
Lesnik ( 1970 ). They reported that the layers, the  epicuticle   and the  procuticle   are 
deposited step-by-step. In 2006, we found that deposition of the different larval 
cuticle layers in the  Drosophila   embryo   occurs at least partially simultaneously 
(Moussian et al.  2006a ). First, fragments of the  envelope   precursor with two 
electron- dense sheets framing an electron-lucid one are deposited at the tips of 
irregular protrusions of the apical plasma membrane of epidermal cells. These frag-
ments fuse eventually to form a continuous layer.    During the maturation of the 
 envelope   to the alternating three electron-dense and two electron-lucid sheets, the 
 epicuticle   is assembled  and   chitin and chitin-organising proteins are deposited into 
the apical  extracellular space   forming the  procuticle  . These layers thicken synchro-
nously (Fig.  3.2 ). This implies that the underlying molecular and cellular mecha-
nisms are deployed in parallel in space and time without interfering with each other. 
The cellular mechanisms of layer construction support the cuticle model of Locke 
proposed in 2001: assembly of the distinct layers   envelope   ,   epicuticle    and   procuti-
cle   , occurs independently from each other suggesting specifi c and distinct underly-
ing constructing mechanisms. In other words and more generally, these three 
composite layers are distinct building units of the cuticle prototype.

    During    procuticle   production, the apical plasma membrane of the epidermal 
cells forms regular longitudinal protrusions, the so-called apical undulae. Similar to 
the microvillus-like structures observed in the  moulting   epidermis of other insects 
including  C.    ethlius   , these corrugations carry an electron-dense  plaque   at their tips, 
 where   chitin is synthesised and deposited into the  extracellular space  . In the valley 
between these structures, the  secretory pathway   delivers cuticular materials packed 
in  vesicle  s that eventually fuse with the apical plasma membrane to release their 
content into the growing cuticle. This repetitive arrangement at the apical plasma 
membrane may imply highly regulated spatial production of the cuticle. The molec-
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ular mechanisms establishing this subcellular  architecture   are absolutely enigmatic. 
In the simplest scenario, it might arise merely from the mutual exclusivity of the 
cellular processes that  form   chitin and other components of the cuticle.  An   impor-
tant question regarding these membrane structures in different insect species con-
cerns their relatedness: to what extent are  microvilli  -like and longitudinal protrusions 
alike? Both structures are stabilised by the cytoskeleton.  Microvilli  -like structures 
have an actin core, whereas  apical undulae   are supported by fi laments of microtu-
bules. The presence of actin in these structures has not been described but cannot be 
excluded. Potentially, those factors associated with conventional  microvilli   such as 
 Villin   and  Fascin   and others may also be involved in the formation of the membrane 
protrusions of the cuticle depositing epithelial cells (Yamashiro et al.  1998 ; Matova 
et al.  1999 ). Taken together, only a little is known about the molecular constitution 
of these structures, which therefore await detailed analyses.  

3.2.3.2     Chitin Synthesis and Organisation 

 Who are  the   effective players of cuticle production? As probably in all biological 
systems, components of the system can be subdivided into two groups: those that 
drive the system (during development) but are not part of it, and those that are part 
of the system. The genetic approach has lead to the identifi cation of about 20 genes 
that are important for the formation of the cuticle in  D. melanogaster  (Table  3.1 ). 
Obviously, several proteins act in the  secretory pathway  . Mutations in genes coding 
for these proteins cause a strongly reduced cuticle. This is trivial, however, as a 
close inspection of the respective phenotypes teaches us that all three major layers 

envelope

phase 1 phase 2 phase 3

deposition fusion maturation

epicuticle deposition & growth maturation

procuticle synthesis & growth organisation

  Fig. 3.2    Model for cuticle formation in insects 
 The prototype of the insect cuticle consists of three composite layers – the  envelope  , the  epicuticle   
and the procuticle – that are formed independently and simultaneously. Conceptually, formation 
can be subdivided into three phases. During phase 1, fragments of the  envelope   are deposited in the 
 extracellular space  . During phase 2, these fragments fuse to establish a continuous layer. 
Concomitantly, epicuticular material accumulates underneath the immature  envelope  ,  and   chitin is 
synthesised initiating the formation of the  procuticle   underneath the immature  epicuticle  . At phase 
3, all three layers attain their fi nal thickness and constitution. In particular, the  envelope   has now 
fi ve layers of different electron-density, the  epicuticle   partitions into an electron-lucid upper part 
and an electron-dense lower part,  and   chitin  microfi bril  s become arranged to distinct  laminae         
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of the cuticle require material delivered by secretory  vesicle  s. Some other factors 
found initially in  D. melanogaster  are implicated in  procuticle   production and 
organisation. The central enzyme of  procuticle   production is the membrane-inserted 
 glycosyltransferase   chitin synthase called  Krotzkopf verkehrt (Kkv)   in  D. melano-
gaster  (Moussian et al.  2005a ). Mutations in the respective gene cause a chitin-less 
cuticle that fails to maintain the body shape of the animal, which, as expected, dies 
before hatching from the egg.    Chitin organisation in the cuticle is not an intrinsic 
property of naked chitin fi bres but requires specifi c proteins. An  essential   chitin 
organising protein is the membrane-bound  dopamine-monooxygenase (DOMON)   
domain protein  Knickkopf (Knk)   (Moussian et al.  2006b ; Shaik et al.  2014 ). The 
biochemical function of Knk is unknown; the  DOMON   domain suggests, however, 
that Knk might transfer electrons to yet unidentifi ed substrates. In  knk   mutant   larvae, 
   chitin although present, is disorganised. In consequence,  the   larvae fail to hatch and 
die within the egg case.    Similar to Knk, the membrane-bound snake-toxin-like protein 
 Retroactive (Rtv)   is needed  for   chitin organisation (Moussian et al.  2005b ,  2006b ). 

   Table 3.1    Genes genetically characterised in   Drosophila melanogaster      

 Gene  Molecular function  Cellular function 

  ghost (gho)   Sec24 of COPII  vesicle  s  Secretion 
  haunted (hau)   Sec23 of COPII  vesicle  s  Secretion 
  Sar1   Small GTPase of COPII  vesicle  s  Secretion 
   Wollknäuel     (wol)   UDP-glucose transfer  N-glycosylation in ER 
  garnistan (gar)   UDP-glucose transfer  N-glycosylation in ER 
  Syntaxin1A (     syx1A)   SNARE complex  Secretion,  vesicle   fusion 
  Sec61β   Sec61 translocon complex  Secretion 
  CrebA   DNA binding  Transcription of secretion genes 
  Krotzkopf    verkehrt      Glycosyltransferase    Chitin synthesis 
  Knickkopf   Unknown  Chitin organisation 
  Retroactive   Unknown  Chitin organisation 
   Vermiform     Chitin deacetylation  Chitin organisation 
   Serpentine     Chitin deacetylation  Chitin organisation 
  grainyhead   CF2-type domain 

 DN binding 
 Transcription of chitin genes 

  Expansion   SMAD-domain  Localisation of Kkv 
  Rebuf   SMAD-domain  Localisation of Kkv 
   Tubby     Unknown  Body size 
  TweedleD   Unknown  Body size 
  Dsc73c   Unknown  Cuticle organisation 
  ObstA    Chitin-binding    Cuticle organisation 
   Gasp     (   Obst-C    )   Chitin-binding  Cuticle organisation 
   cpr72Ec     Chitin-binding  Insecticide resistance 
  Lcp-1   Chitin-binding  Insecticide resistance 
  Chitinase-2   Chitin degradation  Chitin organisation 
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Besides these two membrane proteins, the extracellular  chitin deacetylases   
 Vermiform   and  Serpentine   that are predicted to randomly remove acetate moieties 
from the N-acetyl-glucosamine ( GlcNAc  ) units  of   chitin are  important   chitin organ-
ising proteins (Luschnig et al.  2006 ). The exact signifi cance of this reaction is not 
understood. On the extracellular side, close to the apical plasma membrane of epi-
dermal cells, the interplay between Knk, Serp and Verm to assemble and  organise 
  chitin is coordinated by the chitin-binding protein  Obstructor-A (ObstA)   (Pesch 
et al.  2015 ). Recently, two unexpected cytosolic SMAD-domain proteins, namely 
 Rebuf (Reb)   and  Expansion (Exp)   were identifi ed to be important triggers of chitin 
synthesis during development (Moussian et al.  2015 ). Indeed, the chitin synthase 
enzyme is not able to  produce   chitin in absence of these proteins. Moreover, co- 
expression of these factors in tissues like the salivary glands that usually do not 
 produce   chitin, results in the synthesis  of   chitin that is deposited into the  extracel-
lular space   (Moussian et al.  2015 ). Thus, both chitin synthase and Reb or Exp are 
necessary and suffi cient for chitin synthesis. The exact interaction between chitin 
synthase and Reb and/or Exp is not yet understood. This situation is different albeit 
analogous to the situation in the yeast  Saccharomyces cerevisiae . Chs4p and Shc1p 
that are unrelated to Reb and Exp assist localisation of chitin synthase III to the 
yeast plasma membrane (Sanz et al.  2002 ; Reyes et al.  2007 ). Taken together, chitin 
synthesis and organisation implies intracellular membrane and extracellular molec-
ular processes. Based on  homology   searches, the presence and absence of certain 
factors (i.e. Exp does not have counterparts outside  dipteran  s) we conclude that the 
molecular mechanisms of temporal and spatial chitin synthesis and assembly 
may differ in different insect species, while nevertheless resulting in a comparable 
structure (Table  3.2 ). 

   Besides its function as a structural element of the cuticle,    chitin plays also a role 
in cuticle pigmentation. Mutations in  kkv  affect melanisation of the ventral  denticle  s 
of  the   larvae (Moussian et al.  2005a ). This observation is supported by the fi nding 
that in adult fl ies hypomorphic mutations in  kkv  cause weak  pigmentation   (Dembeck 
et al.  2015 ). This fi nding nicely illustrates that different pathways or aspects of 
cuticle construction depend on each other.  

   Table 3.2    Genes genetically characterised in   Tribolium castaneum      

 Gene  Molecular function  Cellular function 

  Chitin synthase A    Glycosyltransferase    Chitin synthesis 
   Knickkopf     1-3   Unknown  Chitin organisation 
  Retroactive   Unknown  Knk localisation 
  Chitin deacetylases   Chitin deacetylation  Chitin organisation 
  Cpr4    C  hitin binding  Chitin organisation 
  Cpr18   Chitin binding  Chitin organisation 
  Cpr27   Chitin binding  Chitin organisation 
  Cht5 & 10   Chitin degradation  Chitin organisation 
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3.2.3.3     The Function of Cuticle Proteins 

 Cuticle proteins  are   major components of the cuticle defi ning its physical proper-
ties. In the  extracellular space  ,    chitin is bound  by   chitin-binding proteins that have 
either a chitin-binding domain  2   (CBD2, like ObstA) or  the   Rebers and Riddiford 
chitin-binding domain (R&R). The fruit fl y genome harbours 102 R&R-domain 
proteins called  CPR   and 10 CBD2 proteins (Behr and Hoch  2005 ; Cornman  2009 ). 
To date, it is unclear whether all  CPR  s localise to the cuticle or whether at least 
some may localise to the peritrophic matrix, the chitin-containing  extracellular 
matrix   of the  midgut  . Tissue expression of some CBD2 protein coding genes has 
been monitored. Some of these proteins in fact also localise to the  midgut  . 
Interestingly, the number of proteins of these two protein families varies between 
even closely related insect species. In the  dipteran    An. gambiae , for instance, there 
are 156  CPR  s (Cornman  2009 ). In both cases, the presence of chitin-binding 
 domains   trivially suggests that they are needed to  protect   chitin or to stabilise chitin 
organisation. In  the    D. melanogaster  strain 91-R, which is less susceptible to insec-
ticides such as DDT, the expression of   cpr72Ec    and  Lcp-1 , both coding for R&R 
proteins is up-regulated (Qiu et al.  2013 ). Exposure of  D. melanogaster  to persistent 
insecticides such  as    endosulfan   induces the expression of several  cpr  genes (Sharma 
et al.  2011 ). Interestingly,   cpr72Ec    is not included in this set of genes, but  Lcp-1  is. 
Up-regulation of  cpr s upon environmental stress is not confi ned to  D. melanogaster . 
In the bed bug   Cimex lectularius   , it was shown that elevated expression of several 
 CPR  s correlates with resistance to  pyrethroid insecticides  , possibly by preventing 
penetration of the poison (Koganemaru et al.  2013 ). These fi ndings together suggest 
that the extent to which specifi c  CPR  s are present in the cuticle may defi ne its barrier 
strength i.e. cuticle permeability and/or mechanics, through  their   interaction  with 
  chitin, depending on the stimulus. It remains to be analysed whether over- expression 
of these proteins is accompanied by proportional increase  in   chitin amounts, or 
whether their over-expression simply results in a higher density of protein associ-
ated with the same quantity of  existing   chitin  microfi bril  s. Environmental signals 
have also an effect on  the   expression of CBD2 proteins. Along with  CPR  s also 
two CBD2 proteins are enriched  in   endosulfan-treated fl ies (Sharma et al.  2011 ). 
In addition, the function of CBD2 proteins was studied using genetic approaches. 
The role of Obst-A in chitin organisation was mentioned above (Petkau et al.  2012 ; 
Pesch et al.  2015 ).  Gasp   (or  Obst-C  ) is another CBD2 protein that is needed for 
chitin organisation in tracheal system (Tiklova et al.  2013 ). Hence, while  CPR  s 
seem to have a structural role only, CBD2 proteins appear to be additionally required 
during cuticle construction. 

 Most, if not all of  these   factors described above are involved in  procuticle   forma-
tion. Only a few potentially non-procuticle proteins have been identifi ed to date in 
 D. melanogaster . Dominant mutations in two genes coding for Tweedle proteins, 
  tweedle D  ( twdlD )   and   tubby  ( Tb )   provoke a body  shape   change  in   larvae, pupae and 
adult fl ies (Guan et al.  2006 ). The respective animals are shorter but thicker than 
wild-type animals. Interestingly,  tweedle  homozygous mutants are viable displaying 
the same phenotype as heterozygous siblings. Non-lethality of  tweedle  mutations 
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suggests that modifi cations in  tweedle  expression and sequence may  be   evolutionary 
mechanisms to vary body shape in insects. Indeed, it is important to note that the 
 tweedle  genes evolve fast. While in  D. melanogaster  there are 27, in the  yellow   
fever mosquito   Aedes aegypti    there are 12 and in the honeybee   Apis mellifera    only 
two  tweedle  genes (Cornman  2009 ; Soares et al.  2011 ). At least in  A. mellifera , it 
was reported that expression of  tweedle   genes   depends on  ecdysone   signalling. This 
links a major insect developmental signalling pathway to the regulation of body 
shape, suggesting an intriguing mechanism of shape control in insects. The molecu-
lar or biochemical function of these proteins in cuticle  construction has not been 
investigated. In one case,  BmCPT1   from  B.    mori   , was proposed to be a receptor for 
peptidoglycan on the surface of the bacterium  Escherichia coli  in the  haemolymph   
(Soares et al.  2011 ; Liang et al.  2015 ). To what extent this fi nding is physiologically 
relevant for cuticle construction, can only be a matter of  extensive   speculation that 
I dare to omit here.  

3.2.3.4     Molecular Construction Mechanisms 

 Obviously, in order to implement the correct cuticle  architecture  , cuticle compo-
nents must interact with each other to form a mechanical network that is stiff and 
hard enough to protect the animal against environmental harm, but fl exible enough 
to allow locomotion. Some mechanisms underlying the construction of this network 
occur within the cell, some at  the   plasma membrane and some in the  extracellular 
space  . 

 Sorting of cuticle components relies on the canonical  secretory pathway   in the 
cell. This simple but nevertheless seminal statement is based on several published 
works  on    D. melanogaster . The transcription factors CREB-A regulates the expres-
sion of an arsenal of genes that code for components of the  secretory pathway   
(Abrams and Andrew  2005 ). Glycosylation of cuticle proteins in the endoplasmic 
reticulum involves  Wollknäuel (Wol)   and  Garnystan (Gny)   (Shaik et al.  2011 ). 
Mutations in the respective genes cause attenuation of glycosylation and a disorgan-
ised cuticle suggesting that these two enzymes are needed for coordinated construc-
tion of the cuticle. The apical plasma membrane is equipped with  t-SNARE  s 
including  Syntaxin 1A (Syx1A)    that   mediate fusion of  vesicle  s with different cargos 
(Moussian et al.  2007 ).    Syx1A is needed for the secretion of some glycosylated 
cuticle proteins, whereas  several   chitin synthesising and organising proteins that are 
inserted in the plasma membrane employ another yet unknown  t-SNARE   for correct 
localisation. 

 Probably to stabilise cuticle structure, some proteins are covalently linked to 
each other in the  extracellular matrix  , and this is mediated either directly or indi-
rectly by reactive small organic molecules (see more details in Chap.   6    ). Derivatives 
of dopamine including  N-acetyldopamine (NADA)   and  N-β-alanyldopamine 
(NBAD)   are  a   class of these small organic molecules. Their synthesis begins in the 
cytoplasm. Through a yet unknown transporter they are delivered into the  extracel-
lular space   where they are further modifi ed and cross-linked especially with proteins 
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by enzymes such as  Yellow  , a  dopachrome   conversion enzyme. In  D. melanogaster , 
most genes coding for cytoplasmic and extracellular enzymes constituting this path-
way (see Fig.  3.3 ) were isolated and characterised extensively (Wright  1987 ). 
Overall, they are well conserved among insects.

   Correct structure of  the   larval cuticle also depends on one or  several   haem- 
associated enzymes that catalyse cross-linking of proteins. Mutations in the gene 
coding for the mitochondrial enzyme  aminolevulinate synthase   (Alas) cause breaks 
especially in the larval  procuticle   of  D. melanogaster  (Shaik et al.  2012 ). The target 
proteins  that   require  haem   to stabilise the larval cuticle remain to be identifi ed. 
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  Fig. 3.3    Biochemical pathways of cuticle formation 
 The insect cuticle is formed through the integration of mechanisms occurring in the cytoplasm, the 
plasma membrane and the  extracellular space   ( ECM  ) of epithelial cells. In the cytoplasm, the 
precursors of cuticle components are produced. Initially,  lipid   precursors that were produced by 
sub-epidermal oenocytes and fat body cells are enter the cuticle forming cell at its basal site. This 
process is omitted here.  Lipid   synthesis and modifi cation involves enzymes in the cytoplasm and 
located to the mitochondrion,  lipid   droplets and the smooth  endoplasmatic reticululm   (sER). 
 Lipid  s are subsequently transported to the cuticle by a yet unknown mechanism. It is possible that 
pore canals (PC) are implicated in this process.  Lipid  s cover either the surface of the cuticle (“free 
 lipid  s”) or interact with  sclerotin   to form cuticullin, an enigmatic immobilised form of  lipid  s. 
Synthesis is of reactive  catecholamines   (NBAD and NADA) takes place in the cytoplasm (tyrosine 
 hydroxylase  , TH and Dopamine-decarboxylase, Ddc)   , as well. A yet unknown transport mecha-
nism delivers NADA and NBAD precursors to the  ECM   were these two molecules are formed and 
linked to proteins, a process  called    sclerotisation   and melanisation. Proteins may also be cross- 
linked through the activity of a  transglutaminase  . Membrane-inserted oxidases contribute to cova-
lent protein cross-links (e.g.  dityrosine  s), as well.    Chitin synthesis also starts in the cytoplasm, 
where the monomer N-acetyl-glucosamine is synthesised.  The   chitin synthase enzyme itself is a 
membrane-inserted protein that extrudes  nascent   chitin fi bres into the  ECM  , where they are modi-
fi ed (e.g. deacetylated), recognised by chitin-biding proteins and organised. Full chitin synthase 
activity depends on the cytoplasmic  SMAD-like   proteins Exp and Reb. The  green area  in the  ECM   
represents the assembly zone (see Fig.  3.1 ) where the different components are presumably 
assembled       
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A good candidate is the  dual oxidase protein (Duox)   that was shown to be needed 
for wing tanning (Anh et al.  2011 ). Duox activity promotes the formation of  cova-
lent   di- and  tri-tyrosine   bridges between cuticle proteins. Concentrations of oxygen 
radicals are consistently reduced in wings with  suppressed    duox  expression. 
Dominant mutations in this gene, by contrast, do not interfere with cuticle tanning 
but with cuticle shape (Hurd et al.  2015 ). These mutations called   Curly    ( Cy ) cause 
the exchange of a conserved glycine to a serine or cysteine, an exchange that char-
acterises also  human    duox  variants.  Whether   Duox function is necessary during 
larval cuticle formation in the  embryo   was not tested. 

 Another  extracellular   enzyme that creates covalent bonds between cuticle com-
ponents is  transglutaminase  . It crosslinks glutamines with lysines in distinct cuticle 
proteins, including among others two Cprs,  Cpr76Bd   and  Cpr97Eb   (Shibata et al. 
 2010 ). This network has been suggested to constitute a barrier against desiccation. 
However, as many mutations in genes that encode cuticle components compromise 
its ability to prevent water-loss, more thorough  and   conclusive analyses of this issue 
are needed.   

3.2.4     The Cuticle of  Tribolium castaneum  

3.2.4.1     Cuticle Structure 

 In  T.    castaneum   , different types of cuticle were studied at different developmental 
stages. The larval cuticle is composed of the  envelope  , the  epicuticle   and the  procu-
ticle  , which is subdivided into the  exocuticle   and the  endocuticle  . The  elytral cuticle   
of the adult is a thick  extracellular matrix   consisting of the  envelope  , the  epicuticle   
and the compact  procuticle  . The protein-chitin network is packed in brick-like units 
that are occasionally separated by vertical chitin-fi lled channels that run through the 
entire  procuticle  . In recent publications (see below), these channels are called “pore 
canals” although the analogy to the pore canals described by Wigglesworth and 
Locke is disputable. The pore canals of Wigglesworth and Locke are transport 
tubes, whereas the  T.    castaneum    pore canals shown in these publications are rather 
stabilising elements of the cuticle. A distinction between exo- and  endocuticle   is not 
obvious in the  elytral cuticle  .  

3.2.4.2     Molecular Mechanisms of Cuticle Construction 

 The advent of  T.    castaneum    as a model insect to study cuticle formation and func-
tion was initiated at the Kansas State University. It was mainly the work of Yasuyuki 
Arakane working in the group of Subbaratnam Muthukrishnan and Michael Kanost 
and later at the Chonnam National University in South Korea that, based on genomic 
data and the RNA interference (RNAi) technique, characterised several essential 
cuticle factors. Basically, the data collected in this beetle are in agreement with 
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those produced in  D.    melanogaster   . Down-regulation of the expression of the genes 
coding for the epidermal chitin synthase,  chs1  or for the  chitin deacetylases   1 and 2 
cause chitin defi ciency and failure to moult  in   larvae and pupae (Arakane et al. 
 2005 ,  2009 ). Recently, the function of  chs1  was tested also in  embryos   (Arakane 
et al.  2008 ; Chaudhari et al.  2015 ). The  procuticle   of ready-to- hatch   larvae with 
reduced Chs1 activity is thin, they are unable to hatch and die within the egg case. 
Of note, not only the body cuticle is affected in these animals but also the protective 
serosal cuticle (see more details in Chap.   10    ). Similarly, reduction of TcRtv and 
TcKnk function in  embryos   results in lethality presumably caused by defective 
body and serosal cuticles (Chaudhari et al.  2015 ; Jacobs et al.  2015 ). 

 The roles of TcKnk and TcRtv were analysed in detail during  moulting  . It was 
demonstrated that delivery of TcKnk to the apical plasma membrane and subse-
quently to the  extracellular space   depends on the function of TcRtv. Moreover, 
TcKnk is needed to prevent premature degradation  of   chitin by two chitinases, Cht5 
and Cht10. Like TcKnk, also the paralogues TcKnk2 and TcKnk3 are essential fac-
tors that are especially needed for cuticular protrusions  like   denticles and tracheal 
 taenidia   (Chaudhari et al.  2014 ). These fi ndings suggest functional specialisation of 
Knk proteins after duplication of the original  knk1  gene that has a universal role in 
chitin organisation. The salient question in this regard is as to whether Rtv, which 
does not have any paralogues, may be required for correct localisation of TcKnk2 
and 3, as well. 

 The functions of  three   chitin-binding proteins of the  CPR   family in  T.    castaneum    
were investigated in detail (Arakane et al.  2012 ; Noh et al.  2014 ,  2015 ).  TcCpr4   
localises predominantly in the vertical pore canals in the  procuticle   of the elytra. 
 TcCpr27   is found in both the  horizontal   chitin bricks of the  procuticle   and in the 
pore canals. Especially in  the    TcCpr4 -reduced cuticle, the  vertical   chitin canals 
were wider,  the   chitin fi lament was less organised and did not traverse the  procuticle   
in a straight line suggesting  that   TcCpr4 is needed for the compactness and integrity 
of these structures. In both TcCpr4-  and   TcCpr27-defi cient elytra, tight packing  of 
  chitin bricks was lost. An important fi nding was  that   TcCpr27 is needed  for   TcCpr4 
distribution within the  procuticle   without affecting the total amount of the protein, 
 while   TcCpr4 is dispensable for  correct   TcCpr27 localisation. Especially,    TcCpr4 
localisation to the pore canals depends  on   TcCpr27. In this view, mislocalisation  of 
  TcCpr4  in   TcCpr27-defi cient cuticle might be cause of  disorganised   chitin bricks in 
the respective  procuticle  . It is, however, unclear  how   TcCpr27, being expressed in 
both  the   chitin bricks and the pore canals, may  restrict   TcCpr4 localisation to the 
pore canals. The situation is even more complicated:  TcCpr18   seems also be 
involved in this process (Noh et al.  2014 ); its exact role remains to be shown. 

 Just recently, Yasuyuki Arakane’s group showed that the low-complexity cuticle 
protein  CP30   (which does not seem to belong to any known cuticle protein family) 
might be cross-linked to  TcCpr18    and   TcCpr27 in a  laccase2  -dependent reaction 
that is necessary for elytral hardening (Mun et al.  2015 ). The role of Cpr proteins in 
defi ning chitin-based physical properties of the cuticle that emerges from this work 
on  Tribolium  is also supported by work on Cpr2 in the silkworm  B.    mori    (Qiao et al. 
 2014 ).  B.    mori       larvae mutant for the  cpr2  gene called  stony  have  less   chitin than 
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wild- type   larvae, are smaller and their cuticle is fragile. This complex phenotype 
impedes, however, a clear conclusion about the role of  BmCpr2    in   chitin organisa-
tion and function. Overall, these data support the notion that organisation of the 
chitin-protein matrix along with cytoplasmic and membrane-associated processes 
involves molecular events occurring in the  extracellular matrix  . However, the exact 
function of Cprs  in   chitin organisation is yet elusive. 

 Molecular studies of  T.    castaneum    cuticle formation have also advanced our 
understanding of  cuticular    sclerotisation   and melanisation processes (Noh et al. 
 2015 ) (see more details in Chap.   6    ). Suppression of the expression  of    yellow-e  (cod-
ing for an extracellular  dopachrome   conversion enzyme) by  dsRNA   injection results 
in viable adult animals that, however, do not withstand drought. These fi ndings 
indicate  that    sclerotisation   contributes to the barrier function of the cuticle. 

 Taken together, work in the fl our beetle  T.    castaneum    substantially supplemented 
fi ndings in the fruit fl y  D.    melanogaster    and additionally yielded valuable insights 
into diverse aspects of insect cuticle formation and function.    

3.3     Conceptual and Molecular Model of Cuticle 
Differentiation 

3.3.1     Conceptual Model of Cuticle Differentiation 

 Principles of cuticle differentiation, which have been studied extensively during 
 moulting   in various insect species, were nicely reviewed by Locke ( 2001 ).  Moulting  , 
however, is not a simple process as cuticle degradation and formation occur at the 
same time. Therefore, analyses of cuticle differentiation during  moulting   may 
somehow yield nebulous results regarding the cellular and molecular mechanisms 
deployed.  De novo  cuticle differentiation during embryogenesis, by contrast, is a 
simple process. Comparably, only little data has been published on this matter 
(Hillman and Lesnik  1970 ; Ziese and Dorn  2003 ; Moussian et al.  2006a ; Havemann 
et al.  2008 ). Studying cuticle differentiation in the  embryo   of  D.    melanogaster    
revealed that the establishment of the three main layers  envelope  ,  epicuticle   and 
 procuticle   occurs simultaneously (Moussian et al.  2006a ). A model describing the 
underlying events is shown in Fig.  3.2 .  

3.3.2     Molecular Model of Cuticle Differentiation 

 Most of our insight on molecular details of cuticle formation is based on work in  D.  
  melanogaster    and  T.    castaneum   . Most of our insight on histology of cuticle forma-
tion is however based on work in  R.    prolixus    and  C.    ethlius   . Here, I model the 
molecular pathways that are deployed during cuticle formation in insects merging 
them with histological data (Fig.  3.3 ). 
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 The foundations for cuticle construction are laid within the epidermal cells when 
proteins (both structural ones and enzymes) are transported and processed through 
the canonical  secretory pathway   for correct modifi cation and fi nal localisation in the 
 ECM   or in the plasma membrane, and when monomers or precursors of non-protein 
cuticle components such  as   chitin, melanin,  sclerotin   and waxes, are synthesised. 
Some important key reactions of cuticle formation occur in the apical plasma mem-
brane. The membrane-inserted  glycosyltransferase      chitin synthase uses UDP- 
GlcNAc monomers to  synthesise   chitin. The activity of this enzyme is assisted by 
the cytoplasmic  SMAD-like   proteins Reb and Exp. At the same time, several 
membrane- inserted and extracellular oxidases catalyse cross-linking of extracellu-
lar components  including   chitin, dopamine-derivatives and proteins within the  pro-
cuticle   (ref Schäfer). It should be noted that delivery of dopamine-derivatives and 
 lipid  s into the growing cuticle is still enigmatic. Assembly of the  procuticle  , i.e. 
   chitin orientation and organisation, occurs in the so-called assembly zone in the 
 ECM   adjacent to the apical plasma membrane. The extracellular,    chitin-binding and 
modifying proteins ObstA, Verm, Serp and Knk might form a core complex in this 
zone. Additionally,  the   chitin degrading protein chitinase-2 that seems also to be 
involved in chitin organisation localises close to the apical plasma membrane (Pesch 
et al.  2016 ). The exact underlying molecular events occurring in this zone have not 
been revealed, yet. Overall, the formation of the  procuticle   has been addressed and 
studied in detail in the last decade, and we are advancing fast in our understanding 
of this layer. Failure to exactly identify and name the molecules that constitute the 
 epicuticle   and the  envelope   – proteins and  lipid  s – has, by contrast, hampered the 
study of the formation of these layers at the molecular level.   

3.4     Outlook 

 The histological and molecular analyses of cuticle formation in the four model 
insects presented here demonstrate that the basic underlying mechanisms are con-
served among species. Of course, the cuticles of many other insect species, some-
what neglected here including those of  A. melifera  and the migratory locust   Locusta 
migratoria   , have also been investigated in detail (Zhang et al.  2010 ; Falcon et al. 
 2014 ; Wang et al.  2014 ). Moreover, genome information for many additional inter-
esting and important insect species has also allowed identifi cation and characterisa-
tion of key factors of cuticle formation and structure. Taken together, all these data 
lead to a relatively small number of conclusions. One is that different tissues in a 
given insect species, as well as differences between species, involve tissue- and 
species-specifi c factors with core domains that are evolutionary conserved such as 
the R&R domain in Cprs, which defi ne the  architecture   of the cuticle. Hence, cuticle 
quality is dictated by evolved sequence differences around conserved domains 
rather than invention of new players. Elucidation of the function of non-conserved 
sequences in shared factors will contribute to our understanding of the molecular 
mechanisms of cuticle formation and of the molecular basis of cuticle versatility, 
and  epicuticle   and  envelope   assembly.     
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    Chapter 4   
 Resilin – The Pliant Protein                     

     Jan     Michels     ,     Esther     Appel     , and     Stanislav     N.     Gorb    

    Abstract     Resilin is an elastomeric protein typically occurring in exoskeletons of 
arthropods. It is composed of randomly orientated coiled polypeptide chains that 
are covalently cross-linked together at regular intervals by the two unusual amino 
acids dityrosine and trityrosine forming a stable network with a high degree of fl ex-
ibility and mobility. As a result of its molecular prerequisites, resilin features excep-
tional rubber-like properties including a relatively low stiffness, a rather pronounced 
long-range deformability and a nearly perfect elastic recovery. Within the exoskel-
eton structures, resilin commonly forms composites together with other proteins 
and/or chitin fi bres. In the last decades, numerous exoskeleton structures with large 
proportions of resilin have been described. In these structures, resilin has various 
functions. Today, resilin is known to be responsible for the generation of deform-
ability and fl exibility in membrane and joint systems, the storage of elastic energy 
in jumping and catapulting systems, the enhancement of adaptability to uneven sur-
faces in attachment and prey catching systems, the reduction of fatigue and damage 
in reproductive, folding and feeding systems and the sealing of wounds in a trau-
matic reproductive system. In addition, resilin is present in many compound eye 
lenses and is suggested to be a very suitable material for optical elements because 
of its transparency and amorphousness. The evolution of this remarkable functional 
diversity can be assumed to have only been possible because resilin exhibits a 
unique combination of different outstanding properties. In order to benefi t from 
these properties in industrial and medical applications such as biosensor techniques 
and tissue engineering, various recombinant resilin-like polypeptides (RLPs) have 
been synthesised in the past few years. Due to their unusual multi-responsiveness 
and low toxicity and the possibility to tune their mechanical properties and to pro-
duce modular, chimeric RLPs with desired biological properties, RLPs have a wide 
fi eld of potential applications and might replace many synthetic polymers in the 
future.  
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4.1       Introduction 

4.1.1     Elastomeric Proteins in Nature 

   Elastomeric proteins   occur in  a   large range of organisms and biological structures, 
and the spectrum of their biological functions is very broad (Shewry et al.  2004 ). 
They feature a great diversity including well-known examples such as elastin, titin 
and fi brillin present in vertebrate muscles and connective tissues, byssus and abduc-
tin of bivalve molluscs, gluten of wheat, spider silk proteins and resilin of arthro-
pods (Shewry et al.  2004 ). 

  Elastomeric proteins   have always attracted the attention of researchers, mainly 
because of their specifi c properties and interesting mechanical behaviours. Recently, 
this interest has even increased due to the idea of their potential use in the develop-
ment of novel materials with a broad range of technical applications. In addition, 
their biological and medical signifi cance is very high, in particular in the context of 
some human diseases. In the last decades, the development and improvement of 
micromechanical testing, confocal laser scanning microscopy (CLSM) and atomic 
force microscopy have facilitated detailed studies of the distribution, structure and 
mechanical properties of these proteins in a vast diversity of organisms and at dif-
ferent levels of their organisation, from the entire structure down to the level of 
single molecules. This chapter provides a detailed description of the elastomeric 
 protein   resilin and demonstrates this protein’s broad distribution in different organ-
isms and its functional diversity and signifi cance in various biological structures.  

4.1.2     What Is Resilin? 

 The fi rst description of resilin, which has often been called rubber-like protein, was 
based on analyses of three different insect exoskeleton elements,  the   wing hinge and 
the prealar arm of the desert locust (  Schistocerca gregaria   ) and the so-called elastic 
tendon of the pleuro-subalar muscles in  dragonfl ies   of the genus   Aeshna    (Weis- 
Fogh  1960 ). Additional insights into the characteristics of resilin, which had been 
gained shortly thereafter (Weis-Fogh  1961a ,  b ), resulted in a comprehensive compi-
lation of the then existing knowledge of resilin properties (Andersen and Weis-Fogh 
 1964 ). Resilin consists of a network of randomly orientated coiled polypeptide 
chains that are thermally agitated and linked together at regular intervals by stable 
covalent cross-links. Only the fully cross-linked protein is called resilin, whereas 
the not-yet cross-linked or not fully cross-linked protein is called  pro- resilin   
(Andersen  2010 ). Within hydrolysates of resilin,  glycine   constitutes the largest pro-
portion (30–40 %) of the total amino acid residues (Bailey and Weis-Fogh  1961 ; 
Andersen  1971 ). Such hydrolysates also feature the two unusual amino acids  dity-
rosine   and  trityrosine  , which were identifi ed to form the cross-links between the 
polypeptide chains (Andersen  1964 ). In order to allow a classifi cation of 
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exoskeleton structures as resilin-containing exoskeleton according to the defi nition 
of Andersen and Weis-Fogh ( 1964 ), these structures must conform to  the   wing 
hinge, the prealar arm and the elastic tendon mentioned above with respect to their 
mechanical properties, strain birefringence, staining and swelling behavior and their 
 autofl uorescence   (for details see the paragraph ‘Identifi cation and Visualization of 
Resilin’). 

 The properties of resilin-containing exoskeleton material can strongly differ 
between structures and organisms. The reason is that in biological structures resilin 
seems to be rarely present in pure or nearly pure form but is known to commonly 
exist together with other  proteins   and/or  chitin   fi bres in resilin-containing compos-
ites, which exhibit a mixture of the properties of the single components. In such 
composites, the resilin properties can even be ‘overlain’ by the properties of the 
other components making an identifi cation of the presence of resilin in the respec-
tive structures with the criteria of Andersen and Weis-Fogh ( 1964 ) very diffi cult. In 
addition, certain exoskeleton structures feature only some of the typical characteris-
tics of resilin-containing material but lack the others. It is then often not possible to 
determine whether these structures contain resilin or other proteins resembling resi-
lin. In such cases, it is conceivable that the respective exoskeleton material consists 
either of a protein with properties that are similar to those of resilin or of a mixture 
of resilin and other proteins. For exoskeleton structures with such properties, the 
term ‘transitional cuticle’ was established (Andersen and Weis-Fogh  1964 ).

4.1.3        Occurrence of Resilin in Different Animal Lineages 

 Until today, resilin has been found to exist mainly in insect exoskeleton structures 
(Fig.  4.1a–c ) where this protein has a number of different functions, which, for 
example, include (1) the storage of elastic energy in jumping systems (Bennet-Clark 
and Lucey  1967 ; Gorb  2004 ; Burrows  2010 ), (2) the reduction of fatigue in  folding 
  wings of beetles and dermapterans (Haas et al.  2000a ,  b ), (3) the enhancement of the 
adaptability of attachment pads to uneven surfaces (Perez Goodwyn et al.  2006 ) and 
(4) the generation of  fl exibility    of   wing vein joints in dragon fl ies and  damselfl ies   
(Gorb  1999 ; Appel and Gorb  2011 ; Donoughe et al.  2011 ). Besides in insect exo-
skeletons, resilin has been reported to be present in the exoskeletons of other arthro-
pod taxa. The European crayfi sh (  Astacus astacus   ), for example, bears a leg hinge 
operated by a fl exor muscle. However, an antagonistic extensor muscle bringing the 
leg back to the stretched position is missing, and the returning movement is con-
trolled by the intrinsic  elasticity   of resilin in the leg hinge (Andersen  2003 ; syn-
onym used in the reference:  Astacus fl uviatilis ). Resilin-containing exoskeleton 
structures have also been described for  copepod    crustaceans   (Kannupandi  1976 ; 
Michels and Gorb  2012 ; Michels et al.  2012 ,  2015b ; Fig.  4.1d ), the black rock scor-
pion (  Palamnaeus swammerdami   ) (Govindarajan and Rajulu  1974 ) and the centi-
pede called Tanzanian blue ringleg (  Scolopendra morsitans   ) (Sundara Rajulu  1971 ). 
In addition, resilin-like proteins that contain  dityrosine   and  trityrosine   are known to 
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  Fig. 4.1    Occurrence of resilin in insects,  crustaceans   and monogeneans. ( a – c ) Overlays of four 
different  autofl uorescence  s exhibited by the exoskeletons. Blue colours indicate large proportions 
of resilin, green structures consist mainly of non- or weakly-sclerotised chitinous material, and red 
structures are composed of relatively strongly sclerotised chitinous material. ( a )    Wing hinge and 
( b ) prealar arm of the migratory locust (  Locusta migratoria   ). ( c )    Wing vein joint of the 
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exist in several non-arthropod taxa such as nematodes (Lopez-Llorca and Fry  1989 ), 
mussels (DeVore and Gruebel  1978 ) and sea urchins (Foerder and Shapiro  1977 ). 
Clamp sclerites, which are part of attachment devices of monogeneans 
(Platyhelminthes), were reported to contain a resilin-like protein (Ramalingam 
 1973 ; Wong et al.  2013 ). In this context, a positive staining reaction of the clamp 
sclerite material and the emission of a violet/blue  autofl uorescence   (excited with 
UV light) by this material were demonstrated in great detail for the monogenean 
 Diplozoon paradoxum , a gill parasite of freshwater fi shes (Wong et al.  2013 ). The 
emission properties of this  autofl uorescence   are rather similar to those of the resilin 
 autofl uorescence   exhibited by  the   wing hinge and the prealar arm of the locust  S.  
  gregaria    (Fig.  4.1e–h ). In general, the presence of resilin-like proteins in non- 
arthropod taxa indicates that resilin likely originated much earlier in the evolution 
of invertebrates than previously assumed.   

4.2     Biochemistry and Molecular Biology 

     Elastomeric proteins   show a wide structural variety. Some of them have well- 
defi ned secondary and tertiary structures (e.g. collagen), while others are structur-
ally disordered (e.g. elastin or resilin). This structural variety is refl ected by the 
broad spectrum of their mechanical properties. Structurally ordered proteins exhibit 
relatively high strength and  elasticity  , while highly disordered proteins have a rela-
tively large  fl exibility   and are more easily stretched (Rauscher and Pomès  2012 ). 
The driving force for the  elastic recoil   of an elastomeric  protein   is generally based 
on changes of the internal energy and the entropy. In rather stiff, structurally ordered 
proteins, the  elastic recoil   is mainly due to a change of the internal energy, meaning 
that after removing the applied force, the distorted molecular structure will return to 
the state of lowest potential energy (Rauscher and Pomès  2012 ). By contrast, the 
 elastic recoil   in intrinsically disordered proteins is mainly driven by a change of the 

Fig. 4.1 (continued)  common darter ( Sympetrum striolatum ). ( d ) Ventral view of a female  copepod   
of the species  Temora longicornis . Blue =  autofl uorescence   of resilin, red = Congo red fl uorescence 
of stained chitinous exoskeleton parts, green = mixture of  autofl uorescence   and Congo red fl uores-
cence of stained chitinous exoskeleton parts. ( e ) Attachment devices, featuring so-called clamp 
sclerites (shown in blue), of the monogenean  Diplozoon paradoxum . ( f ) Emission spectra of the 
violet/blue  autofl uorescence  s exhibited by clamp sclerites of  D. paradoxum  and prealar arms  and 
  wing hinges of the desert locust (  Schistocerca gregaria   ). The lines and the shaded areas represent 
mean values and standard deviations, respectively. ( e ) Semi-thin section through a single median 
clamp sclerite ( ME ) (stained with toluidine blue) of  D. paradoxum . ( f ) Violet/blue  autofl uorescence   
(shown in blue) exhibited by a clamp sclerite of  D. paradoxum . ( a – e ,  h ) Confocal laser scanning 
micrographs. ( a ,  c – e ,  h ) Maximum intensity projections. ( b ) Optical section. ( g ) Bright-fi eld 
micrograph. Scale bars = 100 μm ( a ,  b ), 20 μm ( c ), 200 μm ( d, e ), 25 μm ( g ), 50 μm ( h ) (( a – d ) 
Adapted with permission from Michels and Gorb ( 2012 ). ( f – h ) Adapted with permission from 
Wong et al. ( 2013 ))       
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entropy, as the stretching of a disordered protein decreases the sum of different 
ways to arrange its polymer chains (higher-ordered state), and, therefore, the protein 
will return to the relaxed state of increased entropy (Rauscher and Pomès  2012 ; Fig. 
 4.2a ). Due to their entropy-driven  elastic recoil  , rubber-like proteins such as resilin 
exhibit an almost perfect  resilience   (i.e. recovery of the stored elastic energy after 
deformation) (Mark  1981 ; Mark and Erman  2007 ; Rauscher and Pomès  2012 ). With 
a  resilience   of up to 92–97 % and a fatigue limit of over 300 million cycles (Lyons 

  Fig. 4.2    Principle of entropy-driven  elastic recoil   and structure of  rec1-resilin  . ( a ) Increased 
entropy in the relaxed state in comparison to the stretched state leads to  elastic recoil   in resilin. 
Cross-links between polymer chains prevent that chains slide past each other during stretching. ( b ) 
Sequence of the   Drosophila melanogaster    CG15920 gene as described by Ardell and Andersen 
( 2001 ), complemented with colour codes indicating the residues of the signal peptide (yellow), the 
exon-I-encoding peptide with A-repeat motifs (GGRPSDSYGAPGGGN) (red), the chitin-binding 
sequence (R&R-2) (green) and the exon-III-encoding peptide with B-repeat motifs 
(GYSGGRPGGQDLG) (blue). ( c )  Dityrosine   and  trityrosine   cross-links. ( d ) Schema of the puta-
tive CG15290  pro-resilin   sequence showing the signal peptide and the exon-I-, exon-II- and exon- 
III- encoding peptides (( a ) Adapted with permission from Rauscher and Pomès ( 2012 ). ( b ) Adapted 
with permission from Ardell and Andersen ( 2001 ) and Andersen ( 2010 ). ( c ) Adapted with permis-
sion from van Eldijk et al. ( 2012 ). ( d ) Adapted with permission from Su et al. ( 2014 ))       
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et al.  2011 ), resilin can be called an almost perfect rubber, and its  resilience   is 
unmatched by any other elastomeric  protein   and the best synthetic rubbers such as 
the unfi lled synthetic polybutadiene (Elvin et al.  2005 ; Rauscher and Pomès  2012 ). 
In addition, it has a low stiffness, can be stretched to more than three times its origi-
nal length without permanent deformation (high extensibility) and can be com-
pressed to one third (Weis-Fogh  1960 ,  1961a ,  b ; Elvin et al.  2005 ). 

 The molecular prerequisites for such a near-perfect  resilience   are the following: 
(1) a suffi cient polymer chain length and high degree of chain  fl exibility   and 
 mobility and (2) the presence of cross-links to join the chains into a network struc-
ture (Mark  2002 ,  2004 ; Mark and Erman  2007 ; Rauscher and Pomès  2012 ). High 
chain length ensures a very high deformability. This enables a large number of 
spatial arrangements of different extensions in the relaxed state (i.e. that the poly-
mer system is highly disordered), but also upon stress imposition, and renders the 
change in internal energy, which is associated with changing the length of the 
 sample, small (Mark and Erman  2007 ; Nairn et al.  2008 ; Rauscher and Pomès 
 2012 ). Instead, a difference in entropy between the relaxed and stretched condition 
is generated by allowing a large number of energetically accessible compact spatial 
confi gurations (Mark and Erman  2007 ; Rauscher and Pomès  2012 ). 

 In order to be able to engage in these different spatial chain arrangements, the 
polymer chains have to be fl exible and mobile (Mark and Erman  2007 ). In resilin, 
this  fl exibility   is based on a near-absence of any extended secondary structure (e.g. 
α-helices) due to a characteristic primary protein structure. As many other disor-
dered proteins, resilin has highly repetitive low-complexity sequences with a few 
amino acid residues being over-represented. Amounting to around 35–40 %, resilin 
features a remarkably high proportion of  glycine   residues (Ardell and Andersen 
 2001 ; Andersen  2003 ; Willis  2010 ; Fig.  4.2b ). The amino acid  glycine   carries only 
a single hydrogen atom as its side chain, endowing  glycine   with a high conforma-
tional  fl exibility   and enabling it to accept extreme bond angles not possible for other 
amino acids. Due to this high  fl exibility   and its tendency to bend freely,  glycine   even 
deforms α-helix conformations by introducing kinks and, therefore, accounts for the 
absence of such conformations when it is present in a high amount. With increasing 
 glycine   content in an aqueous environment, interactions between chain segments, 
for example the formation of hydrogen-bonded (β-)  turns  , tend to be weaker than 
those between other segments with a lower content of  glycine   (Andersen  2001 ; 
Rauscher et al.  2006 ). Consequently, even if  proline   and  glycine   generally contrib-
ute to introducing folded β-turn conformations in peptide chains, with the amino 
acid motifs PG, GG and PS forming the corners of the turn, a higher abundance of 
 glycine   increases the  fl exibility   and lability of this conformation (Andersen  2003 ; 
Rauscher et al.  2006 ; Tamburro et al.  2010 ). In other words, the higher the  glycine   
content, the higher is the entropic cost of constraining the protein backbone in the 
formation of turns (or  α-helix  ,  β-sheet   etc.), and, therefore, a high  glycine   content 
contributes to the formation of a disordered protein as order is entropically unfavor-
able (Rauscher et al.  2006 ; Cheng et al.  2010 ; Balu et al.  2015 ). In a non-aqueous 
solvent, however, the probability of intramolecular peptide-peptide  hydrogen bonds   
is increased due to the absence of competing water molecules, which, therefore, 
favours more ordered structures (Rauscher et al.  2006 ). 

4 Resilin – The Pliant Protein



96

 Another characteristic feature of the amino acid composition of resilin is a rela-
tively pronounced  proline   content of 7–10 % (Andersen  2003 ; Tamburro et al.  2010 ; 
Fig.  4.2b ).  Proline   is the only amino acid featuring a side chain that is connected to 
the protein backbone twice, forming a heterocyclic ring. This endows  proline   with 
an exceptional conformational rigidity, locking the ɸ-backbone dihedral angle at 
about −75°. As a consequence,  proline   is unable to occupy many of the main chain 
conformations easily adopted by all other amino acids. For example,  proline   does 
not fi t into a normal  α-helix   without kinks, and when evenly distributed along a 
chain, it can account for the absence of an  α-helix  . Therefore, it can be seen as a 
structural disruptor and, in terms of  fl exibility,   as the opposite of  glycine  . In  elasto-
meric proteins  ,  proline   contributes to maintaining the structural disorder, which 
avoids, for example, the formation of amyloid-like structures by reducing the ability 
to form peptide-peptide  hydrogen bonds   like hydrogen-bonded turns and  β-sheets   
(Rauscher et al.  2006 ; Balu et al.  2015 ). In contrast, it induces a signifi cant propen-
sity for highly hydrated (quasi-) extended threefold poly-l-proline II  helix   confor-
mations (Rauscher et al.  2006 ; Cheng et al.  2010 ; Adzhubei et al.  2013 ). According 
to Adzhubei and coworkers ( 2013 ), poly-l-proline II helices can be described as 
fl exible structures that are not restricted by a regular pattern of intra-chain peptide- 
peptide  hydrogen bonds   and are capable of fast conformational changes within the 
 PPII   φ, ψ boundaries. They are markedly more fl exible in comparison with the 
 α-helix   and ß- sheet   and correlate with increased local but decreased overall stiff-
ness, enhanced coiling propensities and increased backbone hydration by water 
molecules, allowing elastomeric chain aggregates to remain amorphous and able to 
undergo extension and  elastic recoil   (Rauscher et al.  2006 ; Cheng et al.  2010 ; 
Adzhubei et al.  2013 ). Interestingly,  elastomeric proteins   show a dynamic equilib-
rium between extended conformations like the PPII helices, ‘unordered’ conforma-
tions and folded (mainly β- turn  ) conformations (Tamburro et al.  2005 ; Bochicchio 
et al.  2008 ; Adzhubei et al.  2013 ). The conformational proximity of  the   PPII and 
β- turn   conformations can also be seen in the Ramachandran-plot, where the 
extended  PPII   conformation is very close to the type II β- turn   (dihedyral angles: 
 PPII   = φ – 75°, ψ 150°; type II β- turn   = φ – 60°, ψ 80° (fi rst residue)) (Bochicchio 
et al.  2008 ). Bochicchio and coworkers ( 2008 ) suggested that stretching probably 
drives the equilibrium towards the extended  PPII   conformation, while compression 
drives it to the folded β- turn   conformation. Tamburro and coworkers (2005) showed 
for tropoelastin that in aqueous solutions  PPII   is in equilibrium with the unordered 
conformation, whereas polar solvents, such as trifl uorethanol, drive the conforma-
tions to an equilibrium between β- turn  s and the unordered conformation. Therefore, 
the shift of the equilibrium also depends on the microenvironment. The importance 
of  proline   as one of the major determinants for rubber-like  elasticity   in other  elasto-
meric proteins   can also be deduced from the comparison of ampullate silks of the 
garden cross spider ( Araneus diadematus ) and the golden silk orbweaver ( Nephila 
clavipes ) (Rauscher and Pomès  2012 ; also see the Chapters   12     and   13    ). Both of the 
silks have a comparably high  glycine   content of 40 % and 45 %, respectively 
(Rauscher and Pomès  2012 ). The signifi cant difference, however, lies in the content 
of  proline   ( A. diadematus : 16 %;  N. clavipes : 3.5 %), which is therefore the main 
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determinant for the entropically-driven, rubber-like  elasticity   in  Araneus  silk and 
the internal-energy-driven  elastic recoil   in  Nephila  silk (Rauscher and Pomès  2012 ). 

 In sum, the higher content of the two amino acids  glycine   and  proline   in resilin 
tends (1) to increase hydration by water molecules (thereby enabling water to act as 
a ‘plasticiser’ by forming a solvation layer of bound water molecules around hydro-
philic surface residues and having a damping effect on the attractive forces between 
proteins (protein chains), which increases the network mobility and decreases pro-
tein aggregation), (2) to decrease the peptide-peptide hydrogen bonding and, there-
fore, contribute to producing amorphous aggregates of elastomeric chains and (3) to 
prevent their folding into an ordered globular protein (Rauscher et al.  2006 ; Rauscher 
and Pomès  2012 ; Balu et al.  2015 ). Only when dried or dehydrated in alcohol with 
a concentration higher than 90 %, resilin becomes solid and glass-like. However, 
when rehydrated, it re-swells and becomes rubbery within seconds or minutes 
(Weis-Fogh  1960 ; Andersen  1979 ). 

 Apart from  glycine   and  proline  , the sequences of the elastic parts of resilin con-
tain an enhanced content of hydrophilic residues like the charged residues  aspartic 
acid  ,  glutamic acid   and  arginine   and the polar uncharged residues asparagine, serine 
and glutamine (Fig.  4.2b ). As a result, the hydrophobicity index (HI) is negative 
(e.g.    wing hinge of  S.    gregaria   : HI = −12), indicating a classifi cation as a soft and 
hydrophilic structure (Bailey and Weis-Fogh  1961 ; Andersen  1979 ; Balu et al. 
 2015 ). The elastic region of resilin lacks the sulfur-containing residues methionine 
and cysteine as well as hydroxyproline and contains less than 0.3 % tryptophan but 
a noteworthy amount of alanine (Bailey and Weis-Fogh  1961 ; Andersen and Weis- 
Fogh  1964 ). Unlike elastin or silk fi broin, resilin is further characterised by a low 
content of large, bulky hydrophobic residues like valine, isoleucine and leucine 
(Bailey and Weis-Fogh  1961 ; Ardell and Andersen  2001 ). This is in accordance 
with the results of Welinder ( 1976 ) who stated that soft cuticles were characterised 
by a content of hydrophilic amino acids that is signifi cantly higher than that of 
sclerotised cuticles (Andersen  1979 ). A higher amount of hydrophilic groups 
decreases the protein-protein interactions and again increases the hydration, fi nally 
amounting to 50–60 % of water in resilin (at pH = 7) (Weis-Fogh  1960 ; Andersen 
 1979 ). In consequence, the lack of a suffi cient amount of hydrophobic amino acids 
contributes to the inability of resilin to fold into a stable globular protein and sup-
ports the self-assembly (process) into a disordered protein. 

 Swelling experiments confi rmed that resilin has an acid isoelectric point at 
around pH = 4, at which swelling is minimal ( rec1-resilin  , a recombinant resilin-like 
polypeptide produced by the cloning and expression of the fi rst exon of the CG15920 
gene of the common fruit fl y (  Drosophila melanogaster   ): pH = 4.8) (Weis-Fogh 
 1960 ; Bailey and Weis-Fogh  1961 ; Balu et al.  2015 ), which is in accordance with 
the results of the analysis of the amino acid composition of resilin showing that it 
contains more acid than base groups so that at least 4 % of the residues probably 
exist as free acid groups. This also conforms to the staining properties of resilin 
when stained with basic dyes (methylene blue and toluidine blue) (Bailey and Weis- 
Fogh  1961 ). In general, resilin swells in alkaline buffers and shrinks in acidic buf-
fers. In case of an increase in pH, followed by an increase in hydration, the stiffness 
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of covalently cross-linked proteins such as resilin (see the following paragraph) 
increases because the cross-links prevent the proteins (protein chains) from getting 
away from each other (Weis-Fogh  1960 ; Jensen and Weis-Fogh  1962 ; Andersen 
 1979 ). However, resilin remains rubbery under all conditions unless it is dried or 
dehydrated in alcohol with a concentration higher than 90 % (Weis-Fogh  1960 ). 

 The presence of cross-links is another molecular prerequisite for the near-perfect 
 resilience   of resilin and is essential for the complete recoverability (Mark and 
Erman  2007 ; Fig.  4.2a ). Immediately after secretion of the water-soluble, not yet 
cross-linked precursor  pro-resilin   from the apical surface of the epidermal cells, 
resilin forms its tertiary structure and becomes insoluble in water (Andersen  1964 , 
 2010 ; Weis-Fogh  1970 ). The tertiary structure consists of stable covalent cross- 
links of  dityrosine   and  trityrosine  , linking the randomly coiled polypeptide chains 
together at regular intervals (Andersen  1964 ,  2010 ; Weis-Fogh  1970 ; Fig.  4.2c ). In 
 dityrosine  , two tyrosine residues are linked together by means of a covalent bond 
between their ortho-positions, and in  trityrosine  , three tyrosine residues are linked 
together in the same way (Andersen  2004a ). This cross-linking is mediated by the 
reaction of  peroxidase   and  hydrogen peroxidase   (shown  ex vivo ) (Aeshbach et al. 
 1976 ; van Eldijk et al.  2012 ). When cross-links involve tyrosine residues of the 
same peptide chain, a loop-structure can be formed (Andersen  2003 ). The cova-
lently bonded cross-links have a high stability and even survive acid hydrolysis 
(Andersen  2004a ). In contrast to other  elastomeric proteins   like elastin, where 
crosslinks form in more compact non-elastic domains, in resilin, the crosslinking 
amino acid tyrosine is distributed throughout the elastic repeat sequences (Wells 
 2003 ). It was shown that around 20–25 % of the tyrosine residues are converted into 
 dityrosine   (Andersen  1966 ; Elvin et al.  2005 ) with a spacing of 40–60 residues 
between the cross-links (Rauscher and Pomès  2012 ).  Dityrosine   and  trityrosine   
cross-links can be assumed to decrease the mobility of chain segments close to the 
cross-link, thereby preventing the stretched polymer chains from irreversibly slid-
ing past each other during stretching and avoiding an extended uncoiling while 
favoring  elastic recoil   (Andersen  2004a ; Mark and Erman  2007 ; Rauscher and 
Pomès  2012 ). Considering that  trityrosine   cross-links tightly connect three peptide 
segments instead of two in the case of  dityrosine  , it can be assumed that resilin hav-
ing a high  trityrosine  / dityrosine   ratio is stiffer, though still elastic, than resilin with 
a lower  trityrosine  / dityrosine   ratio (Andersen  2004a ). The ratio of cross-linking 
and, therefore, the elastic properties of resilin depend on internal and external fac-
tors such as whether resilin is deposited before or after ecdysis, during the day or 
during the night and at constant or alternating temperature conditions (Neville  1963 , 
 1967 ; Andersen  1966 ,  2004a ). 

 In addition to the fl uorescent di- and  trityrosine   (see below for the fl uorescence 
of di- and trityrosine), small amounts of the following other fl uorescent compounds 
have been found, for example in wing hinges and prealar arms: monochloro- 
dityrosine, monochloro-trityrosine and tetratyrosine (Andersen  1966 ,  2004a ,  b ). 
Andersen ( 2004b ) stated that it was questionable whether the chlorinated tyrosines 
have any function at all, considering that they might be a mere byproduct of the 
defence reactions (with hydrogen peroxide and hypochlorous acid). Nevertheless, 
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high amounts of chlorination, as, for example, found in the tibia and the femur of  S.  
  gregaria   , can decrease the chain  fl exibility  , resulting in a stiffer material (Andersen 
 2004b ). 

 The full-length  pro-resilin   CG15920 from  D.    melanogaster    has up to three dif-
ferent domains (Fig.  4.2d ): (1) an N-terminal domain (exon I) of around 323 amino 
acids with 18 repeats of a typically 15 residues long motif (GGRPSDSYGAPGGGN), 
called A-repeats, (2) an extended type 2 Rebers and Riddiford chitin-binding 
domain (R&R-2) of 62 amino acids (exon II) and (3) a C-terminal domain (exon III) 
of around 235 amino acids with 11 repeats of a typically 13 residues long motif 
(GYSGGRPGGQDLG), called B-repeats (Ardell and Andersen  2001 ; Elvin et al. 
 2005 ; Qin et al.  2009 ; Andersen  2010 ). In addition,  pro-resilin   has an N-terminal 
signal peptide consisting of around 17 amino acids (MFKLLGLTLLMAxVVLG) 
(Ardell and Andersen  2001 ; Andersen  2010 ; Fig.  4.2d ). The signal peptide allows 
the protein to be secreted to the apical extracellular space, but it is cleaved before 
the  pro-resilin   is secreted (Andersen  2010 ). Furthermore, a short sequence of 11 
amino acids (RPEPPVNSYLP) can be found between the signal peptide and the 
fi rst repeat-containing region (Andersen  2010 ). In  D.    melanogaster   , both in A- and 
B-repeats, chain segments of zero to 15 residues with a high  glycine   content sepa-
rate the individual repeats. In other species, like the red fl our beetle (  Tribolium 
castaneum   ), these inter-repeat regions are completely absent (Andersen  2010 ). 
Except for the R&R-2 consensus sequence, amino acid sequences differ to a more 
or less pronounced extent between different species of the same genus, also, for 
example, in the sequences of individual repeats of an A-repeat series (Andersen 
 2010 ). 

 Studies on the N-terminal protein domain (exon I) in the form of the  rec1-resilin   
(the cloned and expressed exon I of the  D.    melanogaster    CG15920 gene) showed 
that  rec1-resilin   exhibits a high  resilience   of > 90 % (93 % when cross-linked) com-
parable to the one of the native resilin in  dragonfl y   tendons, and  rec1-resilin   was 
termed the ‘soft’ segment of resilin (Elvin et al.  2005 ; Qin et al.  2012 ). Furthermore, 
 rec1-resilin   was found to have a high content of  glycine   and  proline   ( glycine  : 
34.2 %;  proline  : 13.8 %), which are both regularly distributed ( proline   with around 
seven and  glycine   with zero to two amino acids between consecutive  proline   and 
 glycine   residues, respectively) along an overall hydrophilic sequence (Balu et al. 
 2015 ). This endows the polymer chain with overall structural disorder, high  fl exibil-
ity   and super- elasticity  , preventing the formation of tightly packed aggregates and 
helping to maintain suffi cient hydration (Qin et al.  2012 ; Balu et al.  2015 ). Although 
dominated by structural disorder (approximately amounting to 60 %), the repetitive 
motifs of exon I were also shown to exhibit a few secondary structures like  PPII   and 
β- turn   conformations (see above; Charati et al.  2009 ; Lyons et al.  2009 ; van Eldijk 
et al.  2012 ; Khandaker et al.  2016 ). Along with that, Khandaker and coworkers 
( 2016 ) showed that the repeat motif PSSSYGAPGGGNGGR of exon I shows a 
bend at the  glycine   residue between tyrosine and alanine of the SYGAP building 
block with only few  hydrogen bonds  , which results in a smaller end-to-end distance 
and in a lower stiffness (lower force required to pull the motif to an extended state) 
than in other motifs with a slightly altered sequence. Furthermore, they assumed 
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that the presence of serine before tyrosine (of SYGAP) can additionally favour such 
a bent structure by creating less steric hindrance than, for example, threonine 
(Khandaker et al.  2016 ). They fi nally concluded that fl exible, extendable bent motifs 
offer increased  fl exibility   over more linearly arranged motifs, contributing to the 
high  elasticity   of the repeat motifs of exon I (Khandaker et al.  2016 ). 

 The exon-III-encoded peptide has a  resilience   of around 63 % (86 % when cross- 
linked) and was termed the ‘hard’ segment of resilin (Qin et al.  2011 ,  2012 ). It is 
probably composed of several internal hydrophobic and hydrophilic domains, 
exhibiting a larger hydrophobic block in the middle chain, and is more prone to 
perform β- turn   structural transitions (Qin et al.  2012 ). Yang and Hu ( 2014 ) further 
predicted the presence of  β-sheet   and β- turn   conformations in the hydrophobic and 
repetitive sequences, respectively. Water-based self-assembly of this peptide is 
assumed to lead to the formation of micellar structures with a hydrophobic core of 
irregularly sized globules (Qin et al.  2012 ). 

 Qin and coworkers ( 2012 ) stated that the ‘soft’ segment alone was insuffi cient to 
store the energy required for jumping and fl ying insects and suggested a mechanism 
of  elasticity   requiring all segments. They assumed that the resilin network is almost 
devoid of  β-turns   in its relaxed state. Upon stress application, the super-elastic ‘soft’ 
segment (exon I) immediately reacts and transfers energy to the ‘hard’ segment 
(exon III), which thereupon transforms to a more ordered β- turn   structure, thereby 
storing elastic energy (Qin et al.  2012 ). After stress removal, the ‘hard’ segment 
(exon III) returns to its original unstructured conformation, releasing the stored 
potential energy to the ‘soft’ segment (exon I), which results, for example, in differ-
ent resilin-driven jumping and fl ying movements (Qin et al.  2012 ). 

 The R&R-2 sequence consists of a conserved motif of 35–36 amino acids (The 
original Rebers and Riddiford consensus sequence fi rst recognised by Rebers and 
Riddiford ( 1988 ) has the sequence G-x(8)-G-x(6)-Y-x-A-x-E-x-G-Y-x(7)-P-x(2)-P 
(x represents any amino acid, value in parentheses indicates the number of resi-
dues).) with an N-terminal region of hydrophilic amino acids (Rebers and Willis 
 2001 ). In this type of extended Rebers and Riddiford consensus sequence, the  glu-
tamic acid   and the  proline   residues near the C-terminus of the Rebers-Riddiford 
sequence are not present, and the second tyrosine is replaced by phenylalanine 
(Andersen et al.  1997 ; Andersen  1998 ). In addition, the N-terminal region shows 
considerable sequence conservation in contrast to the extended type 1 of the Rebers- 
Riddiford sequence (R&R-1) (Andersen  1999 ; Willis  1999 ). Interestingly, the 
R&R-2 consensus sequence is normally found in proteins derived from hard, sclero-
tised cuticle (in contrast to the R&R-1 that is normally associated with soft cuticles) 
and was assumed to form four β-pleated sheets, alternating with four  β-turns  /loops 
with  glycine   lying exactly at the maxima of the  β-turns  /loops (Iconomidou et al. 
 1999 ). The  β-sheets   have a ‘polar’ character with bulky, hydrophobic and/or aro-
matic residues facing to one side of the  β-sheets   and other, sometimes hydrophilic, 
residues facing the other side (Iconomidou et al.  1999 ). This is due to the fact that 
alternating residues arranged along a strand are directed towards opposite faces of 
the  β-sheet   (Iconomidou et al.  1999 ). In further studies, Iconomidou and coworkers 
showed that these  β-sheets   are antiparallel and fold into an antiparallel  β-sheet   half 

J. Michels et al.



101

barrel structure with a kind of groove containing conserved aromatic residues 
(mostly tyrosine and phenylalanines), which form planar hydrophobic surfaces on 
one ‘face’ of the structure (Iconomidou et al.  2001 ,  2005 ; Hamodrakas et al.  2002 ). 
The aromatic rings of these residues were proposed to stack against the saccharide 
rings of chitin (poly-N-acetylglucosamine) chains and to accommodate at least one 
extended chitin chain, thereby binding to chitin fi laments as well as contributing to 
dictating the formation of their helicoidal architecture (Iconomidou et al.  1999 , 
 2001 ,  2005 ; Hamodrakas et al.  2002 ). Together, the exon I, exon II, and exon III 
encoding peptides of resilin were suggested to build a polymer of hydrophilic- 
hydrophobic- hydrophilic structure and to form water-swollen assemblies with 
irregular sized micelles, with the hydrophobic blocks directing folding and 
micelle formation (Qin et al.  2012 ). 

 Alternative splicing in, for example,  D.    melanogaster    can result in the formation 
of a  pro-resilin   without chitin-binding  R&R-2 consensus domain   (Andersen  2010 ). 
It was proposed that this variant of  pro-resilin   can contribute to either producing 
chitin-free or low-chitin resilin structures, as, for example, in  dragonfl ies   or locusts, 
or obtaining an optimal balance in polymer composite or increasing the probability 
for binding  pro-resilin   molecules on a low-chitin surface (Andersen  2004a ,  2010 ; 
Qin et al.  2009 ). Furthermore, chitin-containing resilin is predominately found in 
structures exposed to bending and twisting forces, whereas resilin devoid of chitin 
is predominately exposed to stretching forces (Andersen  2010 ).  

4.3     Identifi cation and Visualization of Resilin 

 Resilin has a number of properties that, since their detailed description decades ago 
(Weis-Fogh  1960 ,  1961a ,  b ; Andersen and Weis-Fogh  1964 ; Elliott et al.  1965 ), 
have commonly been used to analyse arthropod exoskeleton structures for the pres-
ence and distribution of this protein. Among these properties, some can easily be 
identifi ed by means of relatively simple methods. Resilin is colourless, transparent 
and amorphous. These characteristics make exoskeleton parts with very large pro-
portions of resilin look rather different from exoskeleton parts with other material 
compositions, in particular from those with relatively large proportions of chitin 
that are typically pigmented and only slightly transparent or sometimes, when the 
sclerotisation is very pronounced, not transparent at all. Accordingly, good indica-
tions for the presence of exoskeleton parts with large resilin proportions can be 
obtained by a visual inspection of arthropod exoskeletons using stereomicroscopy 
(with transmitted light or refl ected light), bright-fi eld microscopy and, in the case of 
relatively large organisms and structures, even with the naked  eyes  . 

 Simple tests of the material properties and the material behaviour can give addi-
tional indications for the presence of exoskeleton parts with large resilin propor-
tions. When immersed in aqueous media and in many anhydrous hydrophilic 
liquids, resilin exhibits an isotropic swelling, which is reversible and depends on the 
pH. (It is least pronounced at pH values of about 4.) In its swollen state, resilin fea-
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tures its typical rubbery nature, long-range deformability and complete elastic 
recovery. Furthermore, if swollen resilin is tensioned, it will become birefringent, 
and the birefringence will be positive in the direction of the extension. When resilin 
is completely dried, it loses its rubber-like characteristics and becomes relatively 
hard and brittle. Accordingly, changes of the material properties induced by hydra-
tion and drying can be a strong indication for the presence of structures with rela-
tively large resilin proportions (e.g. Peisker et al.  2013 ). Besides mechanical tests, 
proteolytic enzymes such as pepsin or trypsin can be applied to test for the presence 
and distribution of resilin by digesting resilin in the respective exoskeleton 
structures. 

 Resilin has been shown to be stained by single conventional dyes. Chemical 
reactions with the Masson and Mallory dyes were mentioned to stain resilin red 
(Andersen and Weis-Fogh  1964 ). While these dyes have only occasionally been 
applied in later studies on resilin-containing exoskeleton structures, staining of resi-
lin with aqueous solutions of methylene blue and/or toluidine blue is a common 
method and can provide good information about the presence and distribution of 
resilin (e.g. Bennet-Clark and Lucey  1967 ; Young and Bennet-Clark  1995 ; Michels 
et al.  2012 ). (When resilin is stained with one of these two dyes, it does not show 
metachromasia.) However, such a staining is only effi cient in exoskeleton structures 
that are not too strongly pigmented and make a good visibility of the dyes and 
thereby a correct evaluation of the distribution of large resilin proportions within the 
structures possible. 

 Among the amino acids that form resilin,  dityrosine   and  trityrosine   exhibit a rela-
tively pronounced  autofl uorescence   (Andersen  1963 ,  1964 ; Andersen and Weis- 
Fogh  1964 ). This  autofl uorescence   is present in natural resilin-containing structures 
and in isolated resilin (both before and after boiling in water) and in resilin hydro-
lysates. In neutral and alkaline solutions, its excitation and emission maxima are at 
about 320 nm and 415 nm, respectively (Andersen  1963 ,  1966 ). When wide-fi eld 
fl uorescence microscopy (WFM) is applied, this  autofl uorescence   can most effi -
ciently be visualized with a fl uorescence fi lter set that contains an excitation fi lter 
transmitting UV light with wavelengths in the range of 300–340 nm (or shorter than 
about 280 nm; see Andersen  1963 ) and an emission fi lter transmitting light in the 
violet and/or blue sections of the light spectrum. Such fi lter sets are common in 
WFM. For example, a typical commercial fi lter set designed for the visualization of 
the fl uorescence of the frequently applied fl uorescence dye 4′,6-diamidino-2- 
phenylindole (DAPI) features excitation and emission fi lters transmitting 321–
378 nm and 420–470 nm, respectively, and is, therefore, very suitable for the 
visualization of the resilin  autofl uorescence   (e.g. Michels and Gorb  2012 ). The 
obtained micrographs of the resilin  autofl uorescence   can be overlaid on bright-fi eld 
micrographs of the whole preparation in order to clearly show the distribution of the 
large resilin proportions within the analysed structures. This combined application 
of two different microscopy techniques has become one of the most commonly used 
methods for the visualization of resilin (e.g. Young and Bennet-Clark  1995 ; Burrows 
et al.  2008 ; Burrows  2009 ,  2010 ,  2011 ,  2014a ,  b ; Appel and Gorb  2011 ; Donoughe 
et al.  2011 ; Burrows and Sutton  2012 ; Bayley et al.  2012 ; Picker et al.  2012 ; Burrows 
and Dorosenko  2014a ,  b ; Figs.  4.4a  and  4.6b ). 
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 When exoskeleton structures are supposed to contain resilin, it is recommend-
able to not only check them for the presence of violet/blue  autofl uorescence   excited 
by UV light but also to analyse this  autofl uorescence   in more detail. The  autofl uo-
rescence   properties should be compared with those of the well-known resilin  auto-
fl uorescence   exhibited by the prealar arm and  the   wing hinge of the locust  S.  
  gregaria    and the elastic tendon of  dragonfl ies   of the genus   Aeshna   , the test speci-
mens used to analyse and describe the properties of resilin (Weis-Fogh  1960 ; 
Andersen and Weis-Fogh  1964 ). This can, for example, be done with the spectral 
detection techniques of modern CLSM systems (Michels et al.  2012 ,  2015a ). 
However, even if the spectral properties are rather similar, one has to bear in mind 
that some other proteins exhibit  autofl uorescence  s with comparable excitation 
 maxima in the UV range and emission maxima in the violet and blue ranges of the 
light spectrum (e.g. Garcia-Castineiras et al.  1978 ; Fujimori  1978 ; Gast and Lee 
 1978 ). 

 The excitation spectrum of the resilin  autofl uorescence   differs with changing pH 
conditions. In acid solutions, the excitation maximum of about 320 nm (mentioned 
above for neutral and alkaline solutions) is shifted considerably to about 285 nm, 
and the upper edge of the excitation peak is at about 330–340 nm (Andersen  1963 , 
 1966 ). Accordingly, if resilin-containing exoskeleton structures are placed in acid 
solutions and visualized with WFM, nearly no resilin  autofl uorescence   will be 
excited with excitation fi lters such as the one described above. The pH-induced 
changes of the excitation properties are reversible and take place rapidly (Neff et al. 
 2000 ). This can be used to get an indication of the presence of resilin by consecu-
tively visualizing the structures of interest in neutral, acidic and alkaline solutions 
with WFM, a DAPI fi lter set (or a fi lter set with comparable characteristics) and 
identical camera exposure times and by subsequently comparing the different inten-
sities of the excited  autofl uorescence  s (Neff et al.  2000 ). 

 In addition to resilin, other arthropod exoskeleton materials also exhibit  auto-
fl uorescence  s, which can be effi ciently visualized with fl uorescence microscopy. 
This allows the production of overlays consisting of different micrographs that 
show different  autofl uorescence  s. Such overlays nicely exhibit differences in the 
 autofl uorescence   composition, which are good indications for differences in the 
material composition and clearly reveal structures with relatively large resilin pro-
portions within the analysed specimens (e.g. Haas et al.  2000a ; Niederegger and 
Gorb  2003 ; Perez Goodwyn et al.  2006 ). 

 When thick specimens are analysed with WFM, only relatively thin layers of 
these specimens are in focus (because of the limited depth of fi eld), and many out- 
of- focus structures are visualized. As a result, the micrographs appear blurry and do 
not provide much detailed information about the micromorphology of the analysed 
structures. In contrast, with CLSM, all structures can be visualized in great detail 
over the complete z-range of the specimen. Unfortunately, today not many CLSM 
systems are equipped with a UV laser. Therefore, an optimal excitation of the resilin 
 autofl uorescence   is often not possible. However, a recent study demonstrated that 
resilin can also be effi ciently visualized by means of a 405 nm laser, which is com-
monly available in a large number of CLSM systems (Michels and Gorb  2012 ). 
With the described method, four different  autofl uorescence  s are excited and detected 
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separately, and certain colours are allocated to each of the four visualized fl uores-
cence signals. On the resulting overlays, exoskeleton structures with large propor-
tions of resilin are blue, while green structures consist mainly of non- or 
weakly-sclerotised chitinous material, and red structures are composed of relatively 
strongly sclerotised chitinous material (for details see Michels and Gorb  2012 ; Fig. 
 4.1a–c ). Many of the confocal laser scanning micrographs shown in this chapter 
were created using this method. 

 The described resilin identifi cation and visualization methods are not absolutely 
specifi c. Accordingly, it is strongly advisable to apply not only one single method 
but a combination of several different ones to increase the reliability of the resilin 
analyses performed. In recent years, an antibody to  D.    melanogaster     rec1-resilin   
was developed and has been shown to be cross-reactive and to label resilin in differ-
ent insects (Elvin et al.  2005 ; Burrows et al.  2011 ; Wong et al.  2012 ). Until today, 
this immunohistochemical method has been tested for only a small number of 
insects and, to the best of our knowledge, only within the studies mentioned above. 
If it proves effi cient in tests with a larger number of arthropod species, it will repre-
sent the fi rst reliable method that specifi cally identifi es resilin.  

4.4     Mechanical Properties of Resilin 

4.4.1     Elasticity, Viscoelasticity and Flexibility 

 The elastic  tendon   of  the   pleuro-subalar muscles of  dragonfl ies   (see above) can be 
stretched up to 3–4 times its relaxed length before failure. Remarkably, when the 
tensile force is released,  the   tendon snaps back to its initial state without having any 
residual deformations. Quantitative stress-strain relationships (Fig.  4.3a ) reveal the 
following mechanical properties of resilin:  Young’s modulus   (elastic modulus) = 2 
MPa, strength (σ max ) = 4 MPa, extensibility (ε max ) = 1.9, toughness = 4 MJ m −3  and 
 resilience =   92 % (Gosline et al.  2002 ,  2004 ). In elastic tendons of  dragonfl ies   and 
locust ligaments, resilin was found to have a  Young’s modulus   of 0.6–0.7 MPa and 
0.9 MPa, respectively (Jensen and Weis-Fogh  1962 ). When resilin is completely 
hydrated, it behaves close to a perfect  rubber   (Weis-Fogh  1961a ,  b ; Jensen and 
Weis-Fogh  1962 ). The elastic effi ciency of isolated resilin from locusts and  dragon-
fl ies   seems to be optimal at lower frequencies (Gosline et al.  2002 ).    However, under 
low frequency loads, resilin shows viscoelastic behaviour (Fig.  4.3b ). The mechani-
cal response of resilin strongly changes with a changing degree of hydration (Fig. 
 4.3c ; also see below).

   According to  the   theory  of   rubber elasticity (Mark  1981 ; Mark and Erman  2007 ), 
rubber materials consist of long, randomly coiled chains that continuously change 
their form depending on the temperature. The interactions between chain segments 
are low. Only a few cross-links form stable interconnections between the chains 
preventing the chains from sliding under deformation. In a stretched rubber, the 
average distance between inter-chain links increases causing material anisotropy 
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due to a partial alignment of the chains.    In rubber materials, all the deformation 
energy remains stored, and no energy is used for changing interactions between 
chain segments. Resilin, with its network of polypeptide chains cross- linked   by 
 dityrosine   and  trityrosine  , very likely behaves exactly in this way.

4.4.2        Properties of Resilin-Based Composites With Gradients 
of the Resilin Proportion 

 In biological structures, resilin usually occurs in combination with other  proteins   
and/or  chitin   (Fig.  4.4  f, g). Very often, gradients of the material composition with a 
considerably changing proportion of resilin are present in exoskeleton structures. 
Such resilin proportion gradients must also be refl ected by gradients of the mechan-
ical properties of the respective resilin-containing composites. Recently, the Young’s 
moduli of adhesive  tarsal setae   of beetles were measured along the longitudinal axis 
of the setae (Fig.  4.7c ). The measurements revealed that the  Young’s modulus   of the 
material in the most distal section of each seta is relatively low (1.2 ± 0.3 MPa), 
whereas it is considerably higher at the setal base (6.8 ± 1.2 GPa). The differences in 

  Fig. 4.3    Resilin mechanics. ( a ) Stress-strain curves for different  elastomeric proteins  . From the 
diagram, the following mechanical properties of resilin can be obtained:  Young’s modulus   = 2 
MPa, strength (σ max ) = 4 MPa, extensibility (ε max ) = 1.9, toughness = 4 MJ m −3  and  resilience   = 92 %. 
( b ) Force-time curve of several load-unload cycles showing viscoelastic properties of resilin in a 
 locust   wing hinge at low frequencies. ( c ) Force-time curve of a loaded locust wing hinge in differ-
ent aqueous environments. The experiment shows mechanical properties of resilin at different 
levels of hydration (( a ) Adapted with permission from Gosline et al. ( 2004 ). ( b ,  c ) Adapted with 
permission from Jäkle ( 2003 ))       
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the  Young’s modulus   between different regions correlate with the resilin proportion 
observed in the seta material (Peisker et al.  2013 ). When the setae are dehydrated, 
the  Young’s modulus   of the setal tip material strongly increases from 1.2 MPa to 7.2 
GPa, and it exhibits no statistically signifi cant differences along the complete setae 
(Peisker et al.  2013 ). This is in accordance with earlier observations indicating that 
the material properties of resilin strongly depend on the hydration status of resilin, 
which is due to the fact that  proteins   are plasticised by water (Andersen and Weis- 
Fogh  1964 ; also see above). 

 In addition to the differences in the  Young’s modulus  , the pronounced material 
composition differences between the tips and the bases of fresh adhesive  tarsal setae   
are refl ected by the mechanical behaviour of the respective materials. The material 
of the tip features only elastic deformation, whereas the base material shows both 
elastic and, to some extent, plastic deformations (Peisker et al.  2013 ). This means 
that the purely elastic response of the tip is due to the presence of resilin, while the 
partially plastic deformation at the base is mainly due to the presence of stiffer 

  Fig. 4.4    Resilin  in   arthrodial membranes of insects. ( a ,  b ) Pretarsus of the drone fl y (  Eristalis 
tenax   ), ventral view. ( a ) Overlay of a bright-fi eld micrograph and a wide-fi eld fl uorescence micro-
graph showing the presence and distribution of resilin  autofl uorescence   (blue). ( b ) Confocal laser 
scanning micrograph (maximum intensity projection) revealing large proportions of resilin (shown 
in blue) in the membranous structures between rigid sclerites of the pretarsus. ( c ) Pretarsus of the 
urban bluebottle blowfl y (  Calliphora vicina   ). Transmission electron micrograph showing an ultra- 
thin section through structures comparable to those shown in blue in  b . ( d ) Lateral view of the joint 
between the tarsomeres 1 and 2 in the third leg of the seven-spot ladybird (  Coccinella septempunc-
tata   ). ( e ) Border between the neck membrane (right side) and a postcervical sclerite (left side) of the 
broad-bodied chaser (  Libellula depressa   ). ( f ,  g ) Membranous cuticle in the neck area of the blue-
tailed  damselfl y   ( Ischnura elegans ). Transmission electron micrographs showing ultra-thin sections 
( EPI  epicuticle,  EXO  exocuticle,  FD  folds,  VES  vesicles.  Arrows : preferential orientation of chitin 
fi bres. Scale bars = 100 μm ( a ), 50 μm ( b ), 2 μm ( c ), 20 μm ( d ,  e ), 1 μm ( f ,  g ) (( a ,  b ,  d ,  e ) Adapted 
with permission from Michels and Gorb ( 2012 ). ( f ,  g ) Adapted with permission from Gorb ( 2000 ))       
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  Fig. 4.5    Resilin in the jumping system of the black-and-red froghopper (  Cercopis vulnerata   ). 
( a – d ) Cuticle supplemented with resilin in the pleural area of the metathorax. Horizontal sections 
through the pleural seam. ( a ) Paraffi n-embedded cuticle stained after Cason. Bright-fi eld micro-
graph. ( b – d ) Frozen sections of the structures shown in ( a ). Wide-fi eld fl uorescence micrographs 
showing different  autofl uorescence  s exhibited by the exoskeleton. ( b ) Excitation: 512–546 nm; 
emission: 600–640 nm. ( c ) Excitation: 340–380 nm; emission: 420 nm. ( d ) Excitation: 710–775 
nm; emission: 810–890 nm.  cu , tanned cuticle;  RES , structures containing resilin. ( e ) Sequence of 
single frames of a high-speed video recording of the cicada jump (ventral aspect). The numbers 
indicate the time scale in milliseconds. The approximate positions of femur, tibia and tarsus are 
indicated by white lines according to white marker dots on the leg. ( f ) Skeleton-muscle organisa-
tion of the cicada metathorax (medial aspect, right side) ( AP  apodeme of the trochanter extensor 
muscle  M3 ,  CX  coxa,  FE  femur,  M1 ,  M2 ,  M4 ,  M6 ,  M14  subcoxal muscles,  M7 ,  M9 ,  M10 ,  M11 , 
 M12 ,  M13 ,  M14  metathoracic muscles,  M5  trigger muscle,  M8a ,  M8b  trochanter fl exor muscle, 
 RES  resilin,  TN  trochantine,  TR  trochanter,  white circles  condyli of the coxa and trochanter. The 
inset shows the position of the structures in the entire insect body. Scale bars = 100 μm ( a ), 250 μm 
( f ) (( a – f ) Adapted with permission from Gorb ( 2004 ))       
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tanned exoskeleton. It is very likely that effects similar to those observed in beetle 
adhesive  tarsal setae   exist in other exoskeleton structures with comparable gradients 
of the resilin proportion.

4.5           Occurrence and Functions in Different Systems 

 Resilin is known from numerous arthropod exoskeletons where it is present in 
diverse structures and allows manifold functions, which in most cases are based on 
its very pronounced elasticity and its ability to completely recover after deforma-
tion. For example, resilin plays an important role in fl ight systems of insects, in 
particular in insects that use a wing beat with a low frequency (10–50 Hz) (see 
below). Resilin-containing exoskeleton structures have been described for various 
mechanical systems including leg joints (Gorb  1996 ; Neff et al.  2000 ), vein joints 
and membranous areas of insect wings (Gorb  1999 ; Haas et al.  2000a , b ), the food- 
pump of reduviid bugs (Edwards  1983 ), tymbal sound production organs of cicadas 
(Young and Bennet-Clark  1995 ; Bennet-Clark  1997 ) and moths (Skals and Surlykke 
 1999 ), abdominal cuticle of honey ant workers (Raghu Varman  1981 ) and termite 
queens (Raghu Varman  1980 ), the fulcral arms of the poison apparatus of ants 
(Raghu Varman and Hermann  1982 ) and the tendons of  dragonfl y   fl ight muscles 
and  basal   wing joints of locusts (as already mentioned above) (Andersen and Weis- 
Fogh  1964 ). In the following, some selected representative structures and systems 
with large proportions of resilin are highlighted, and their functions are described. 

  Fig. 4.6    Resilin in fl ight systems of  dragonfl ies  . ( a ) Stereomicrograph depicting a resilin-bearing 
tendon ( rt ) of a pleuro-subalar muscle ( ps ) of the southern hawker (    Aeshna cyanea ). ( b ) Overlay 
of a bright-fi eld micrograph and a wide-fi eld fl uorescence micrograph showing  autofl uorescence   
(blue) exhibited by resilin in a tendon of the    genus  Zyxomma . ( c )  Flexible   wing vein joints ( fj ) 
joining cross veins ( cv ) to a longitudinal vein ( lv ) in a wing of the vagrant darter ( Sympetrum vul-
gatum ). ( d ) Cross section through  a   wing vein of  S. vulgatum , revealing sclerotised exocuticle and 
resilin-bearing endocuticle. ( c ,  d ) Confocal laser scanning micrographs (maximum intensity pro-
jections) showing overlays of different  autofl uorescence  s exhibited by the exoskeletons. Structures 
with large proportions of resilin are shown in blue. Scale bars = 1 mm ( a ), 100 μm ( b ), 40 μm ( c ), 
10 μm ( d ) (( b ) Adapted with permission from Elvin et al. ( 2005 ). ( d ) Adapted with permission 
from Appel et al. ( 2015 ))       
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4.5.1     Arthrodial Membranes 

  Arthrodial membranes   are cuticle areas that are typically thin, non-sclerotised and 
very fl exible. Such membranes often are multifunctional units. The soft cuticles of 
caterpillars, for example, have a combination of both a protective and a locomotory 
role, which is refl ected in their ultrastructural architecture (Hepburn and Levy 
 1975 ). The main functions of arthrodial membranes are to connect sclerotised exo-
skeleton elements, allow relative movement of these elements and extend whenever 
an increase  in   volume of the body is necessary (e.g. Vincent  1976 ; Hackman and 
Goldberg  1985 ). In addition, some membranes are armoured with miniature protu-
berances on their surfaces and have a defence function (Richards and Richards 
 1979 ; Hepburn  1985 ). For insects, two different types of membranes have previ-
ously been reported. The fi rst type is a highly extensible membrane found in the 

  Fig. 4.7    Distribution, mechanical properties and functional signifi cance of resilin in adhesive  tar-
sal setae  . ( a ,  b ) Ventral part of the second adhesive pad of a female seven-spot ladybird (  Coccinella 
septempunctata   ), lateral view. ( a ) Scanning electron micrograph. ( b ) Confocal laser scanning 
micrograph (maximum intensity projection) showing an overlay of different  autofl uorescence  s 
exhibited by the exoskeleton. Blue colour indicates large proportions of resilin. ( c ) Box-and- 
whisker plots showing the median  Young’s modulus   of fresh adhesive  tarsal setae   obtained by 
atomic force microscopy nanoindentations (see the inset above the graph) along each seta. The 
borders of the boxes defi ne the 25th and 75th percentiles, the median is indicated by a horizontal 
line, and the error bars defi ne the 10th and 90th percentiles (n. s. = not signifi cant, *** = highly 
signifi cant). The background colours indicate the different seta sections. ( d – f ) Numerical model 
showing typical confi gurations of a fi lamentary structure (setal array) attached to a stiff support 
(black rectangle) in adhesive contact with a random fractal surface (blue region). Three types of 
fi bres were tested: ( d ) stiff fi bres with short elastic ends, ( e ) long elastic fi bres connected to the 
base by short stiff roots and ( f ) stiff fi bres with soft elastic segments near the base. The different 
stiffnesses of the segments are conditionally shown by circles with different colours. Stiff, medium 
and soft segments are marked by black, red and green circles, respectively. Scale bars = 25 μm ( a , 
 b ) (( a – c ) Adapted with permission from Peisker et al. ( 2013 ). ( d – f ) Adapted with permission from 
Gorb and Filippov ( 2014 ))       
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locust abdomen that can extend up to ten times its original length (Vincent and 
Wood  1972 ; Vincent  1975 ,  1981 ). This cuticle is highly specialised in its protein 
composition (Hackman and Goldberg  1987 ). The second type is a folding laminated 
membrane that is less stretchable and has been found, for example, in the abdomen 
of the tsetse fl y   Glossina morsitans    (Hackman and Goldberg  1987 ) and in the bug 
genus  Rhodnius  (Hackman  1975 ; Reynolds  1975 ). 

 Membranous cuticle  often   contains large proportions of resilin (Fig.  4.4 ). 
Examples are membrane structures connecting claws and pulvilli to the terminal 
tarsomere (Gorb  1996 ; Niederegger and Gorb  2003 ). In the pretarsus of the drone 
fl y (  Eristalis tenax   ) (Diptera, Syrphidae), for example, membranous cuticle with 
large proportions of resilin forms a spring-like (or joint-like) element (Fig.  4.4a–c ) 
that makes the pulvilli movable and thereby enables them to effi ciently adapt to the 
substrate. In general, joints in  legs   typically feature membranes, which often con-
tain large proportions of resilin and allow the relative movement of the joint ele-
ments (Fig.  4.4d ). 

 The neck membrane of  dragonfl ies   is another example. This fl exible cuticle con-
nects the neck sclerites and enables an extensive mobility of the head (Gorb  2000 ). 
A recent study clearly revealed that the neck membrane material of the broad-bod-
ied chaser (  Libellula depressa   ) contains relatively large proportions of resilin, while 
the neighbouring sclerites are mainly composed of sclerotised chitinous material 
(Michels and Gorb  2012 ; Fig.  4.4e ). Transmission electron microscopy showed that 
 dragonfl y   neck membrane cuticle is rather homogenous and electron-lucent (Gorb 
 2000 ). Membranous areas of insect cuticle nearly always exhibit a  relatively   inten-
sive  autofl uorescence   similar to that of resilin. This suggests that arthrodial mem-
branes generally contain relatively large proportions of resilin. However, even very 
soft and fl exible membranes such as the  dragonfl y   neck membrane do not consist of 
pure resilin but rather represent resilin-chitin composites in which some reinforce-
ment  by   chitin-bearing microfi brils is clearly visible (Fig.  4.4f, g ).  

4.5.2     Legged Locomotion 

 Mechanisms of fast leg movements with an acceleration that can surpass the limita-
tions for muscle contraction have only been found in a few insect groups including 
fl eas (Bennet-Clark and Lucey  1967 ; Rothshild et al.  1975 ), locusts (Bennet-Clark 
 1975 ) and click beetles (Evans  1973 ; Furth et al.  1983 ). The respective catapult-like 
devices have evolved to enhance the acceleration in relatively short legs (Gronenberg 
 1996 ). They usually contain specifi c types of joints that are typically supplemented 
with active power or latch muscles producing tractive force and trigger muscles that 
are responsible for releasing elastic energy from specifi c energy storage devices 
(see below). 
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 In Auchenorrhyncha and Sternorrhyncha, the jump is performed by metathoracic 
muscles that are directly connected to the trochanter of the hind leg and responsible 
for the movements of both trochanter and coxa (Gorb  2004 ; Burrows  2012 ; Fig. 
 4.5f ). In the jumping cicada called black-and-red froghopper (  Cercopis vulnerata   ) 
(Cercopidae), the complete extension of the hind leg takes less than one millisecond 
(Gorb  2004 ; Fig.  4.5e ). This suggests that, in addition to the muscle system, an 
elastic spring powers the jump. The application of fl uorescence microscopy and 
histological staining revealed resilin-bearing structures in the pleural area of the 
metathorax (Fig.  4.5a–d ). These structures stretch dorso-ventrally across the entire 
pleural area (Fig.  4.5f ) and are much larger than those of fl eas. Their dorsal and 
ventral parts are located close to the origin of the lateral portion of the power muscle 
and closely connected to the lateral part of the coxa, respectively. The resilin- 
containing structures very likely participate in the extension of both coxa and tro-
chanter by the release of energy that is stored by defl ection or twisting of their 
bar-like shape.  

4.5.3     Flight Systems: Folds, Tendons and Micro-joints 

 Resilin has already been found in various elements of different insect fl ight appara-
tus, including tendons connecting muscles to pleural sclerites,    wing hinge ligaments 
connecting  the   wings to the thoracic wall, prealar arms connecting pleural sclerites 
to the mesotergum,    wing vein micro-joints connecting cross veins to longitudinal 
veins, regions of  the   wing membrane establishing a connection to  the   wing veins or 
defi ned patches within membrane cells, and cuticular layers  within   wing veins 
(Weis-Fogh  1960 ; Andersen and Weis-Fogh  1964 ; Haas et al.  2000a ,  b ; Lehmann 
et al.  2011 ; Appel and Gorb  2014 ; Appel et al.  2015 ). In these structures, resilin 
occurs either in the form of pure or nearly pure resilin (e.g. tendons) or mixed with 
varying amounts of chitin fi bres (e.g. prealar arm), which tend to follow distinct 
directions or patterns and thereby infl uence the material’s mechanical properties 
(Andersen and Weis-Fogh  1964 ; Andersen  2003 ). All of these structures benefi t to 
a more or less pronounced extent from the presence of resilin due to its low stiff-
ness, high  resilience  , large and reversible extensibility, long fatigue time and ability 
of  elastic energy storage   and damping. 

 One of these fl ight system elements is a sausage-like swollen thoracic  dragonfl y   
tendon, which consists of virtually pure resilin and connects the pleuro-subalar 
muscle (which spans between the lower part of the pleuron and the subalar sclerite) 
to the subalar sclerite, which in turn connects to the axillary sclerites of  the   wing 
base (Weis-Fogh  1960 ; Fig.  4.6a, b ). Together with the coaxalar muscle, it is 
assumed to  control   wing twisting (i.e. supination) during the upstroke by taking  up 
  wing movements and oscillating in length, while the attached pleuro-subalar muscle 
contracts slowly and tonically and keeps the tendon at a certain length and tension 
(Neville  1960 ; Andersen and Weis-Fogh  1964 ; King  2010 ). This is especially 
important for hovering and other refi ned fl ight manoeuvres (Andersen  1964 ). It 
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might also play a role in controlling  excess   wing motions during turbulent fl ows 
(King  2010 ). In the tendon, large reversible extensibility (e.g. over 250 % in the 
forewing of the widow skimmer (  Libellula luctuosa   )) and a long fatigue time are of 
key importance for the functioning of this structure. 

  The   wing hinge ligament of the forewing of locusts is located between the 
(meso-) pleural wing process and the second  axillary   wing sclerite (Andersen and 
Weis-Fogh  1964 ). In Odonata, Dictyoptera and Orthoptera,    wing hinge ligaments 
exist in the form of thick, rubber-like pads (Fig.  4.1a ) and, as reported for locust 
structures, consist of a rather tough, mainly chitinous ventral part and a soft dorsal 
part, which can be divided in a region of pure resilin and a region containing both 
chitin lamellae and resilin (Andersen and Weis-Fogh  1964 ). The results of several 
studies suggest  that   wing hinge ligaments take up compressive as well as tensile 
forces and can contribute to (1) the storage of kinetic energy at maximum  wing   
defl ection, for example during the upstroke when  the   wing hinge ligament is 
stretched, and  (2) the   wing acceleration during the downstroke by  elastic recoil   
(Andersen and Weis-Fogh  1964 ; Weis-Fogh  1973 ; Andersen  2003 ). In other insects, 
such as Lepidoptera, some Coleoptera and some Hymenoptera, these ligaments are 
tough and inextensible, and  elastic energy storage   is likely provided by the rigid 
thoracic cuticle and the fl ight muscle itself (Andersen and Weis-Fogh  1964 ; 
Andersen  2003 ). Due to the fact that resilin has mainly been found in the fl ight 
apparatus of insects fl ying with synchronous fl ight muscles at  low   wing beat fre-
quencies of < 50 Hz and with inertial forces being larger than aerodynamic forces, it 
is assumed that its  resilience   might be too small at high frequencies (Jensen and 
Weis-Fogh  1962 ; Andersen and Weis-Fogh  1964 ; Gosline  2002 ; Andersen  2003 ). 
However, there is still some controversy about the frequency-dependent behaviour 
of resilin and chitin-resilin-composites and its function in the wing hinge ligaments 
of insects with high wing beat frequencies (Andersen and Weis-Fogh  1964 ). For 
example, some small wing hinge ligaments have been found between different 
sclerites in the genera  Calliphora, Bombus, Apis  and  Oryctes  (Andersen and Weis-
Fogh  1964 ; Nachtigall et al.  1998 ). So far, only a few studies have investigated the 
decrease in resilience with increasing frequencies in the dragonfl y tendon, locust 
prealar arm and cockroach tibia-tarsal joint resilin (Jensen and Weis-Fogh  1962 ; 
Andersen and Weis-Fogh  1964 ; Gosline et al.  2002 ; King  2010 ; Choudhury  2012 ). 
Whether the partly pronounced differences in the decrease rate of resilience between 
different frequency ranges are due to different measurement techniques or are actu-
ally due to differences in the material composition, still needs to be elucidated. 

 The prealar arm is located at the front edge of the mesotergum and establishes a 
connection to the fi rst basalar sclerite of the pleural thoracic wall via a tough, fl ex-
ible ligament (Andersen and Weis-Fogh  1964 ). The basalar sclerite in turn is con-
nected to the humeral angle of the anterior part of  the   wing base. The prealar arm 
consists of around 23 % chitin and 77 % resilin and is structured by alternating lay-
ers of resilin and chitin fi brils, with the fi brils continuing into the dark, sclerotised 
cuticle at its base (Andersen and Weis-Fogh  1964 ; Fig.  4.1b ). Due to the directional 
arrangement of chitin fi brils, the mechanical behaviour of the prealar arm is assumed 
to be dominated by the mechanical properties of the chitin fi brils during stretching 
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and by the properties of resilin during bending and compression (Jensen and Weis- 
Fogh  1962 ; Andersen and Weis-Fogh  1964 ). In contrast to the subalar muscle, 
which is involved  in   wing supination, the contraction of the basalar muscle  causes 
  wing pronation through the connection to the humeral angle via the basalar sclerite. 
During muscle contraction, the prealar arm is stretched and can be assumed to play 
a role in  elastic energy storage  . 

 Cross veins  in   wings of  dragonfl ies   and  damselfl ies   were shown to form either 
stiff, infl exibly fused joints or fl exible resilin-bearing joints to the adjacent longitu-
dinal veins (Newman  1982 ; Gorb  1999 ; Donoughe et al.  2011 ; Appel and Gorb 
 2011 ,  2014 ; Fig.  4.6c ). The distribution pattern of  different   wing vein joint types on 
the dorsal and  ventral   wing sides in various species is quite diverse but was found to 
follow phylogenetic trends probably related to wing morphology and fl ight behav-
ior (Donoughe et al.  2011 ; Appel and Gorb  2014 ). In general,  fl exible   wing vein 
joints, together with the overall corrugated design of  odonate   wings, are assumed to 
feature a larger angular displacement than fused vein joints and, as a result, to pro-
vide  the   wing with increased chord-wise  fl exibility  , which promotes  passive   wing 
deformations such as camber-formation during the downstroke, and thereby to 
improve  the   wing’s aerodynamic and mechanical performance (Newman  1982 ; 
Gorb  1999 ; Donoughe et al.  2011 ; Appel and Gorb  2014 ; Rajabi et al.  2015 ). 
Moreover, resilin is important for reducing stress concentrations in vein joints 
(Rajabi et al.  2015 ). Resilin is not only present  in   wing vein joints but also in  the 
  wing membrane directly abutting  on   wing veins and internal cuticle layers  of   wing 
veins (i.e. the endocuticle) (Appel and Gorb  2014 ; Appel et al.  2015 ; Fig.  4.6d ). A 
fl exible suspension of  the   wing membrane is suggested to allow larger strain and 
thereby to help prevent its tear-off from  the   wing veins (Appel et al.  2015 ). 
Furthermore, the stiffness gradient  in   wing veins, generated by a stiff, sclerotised 
outer layer (exocuticle) and a soft, compliant, resilin-bearing inner layer (endocu-
ticle) is assumed to reduce the overall vein stiffness and to improve the vein’s damp-
ing properties as well as to delay Brazier ovalisation and to enhance the load-bearing 
capacity under large deformations (Appel et al.  2015 ; Rajabi et al.  2016 ). 

 By artifi cially stiffening single fl exible, resilin-bearing vein joints in  bumblebee 
  wings through the application of micro-splints (extra-fi ne polyester glitter glued 
with cyanoacrylate), it was experimentally shown that even a single resilin-bearing 
joint plays an important role in overall wing  fl exibility   and vertical aerodynamic 
force production (Mountcastle and Combes  2013 ). Ma et al. ( 2015 ) found compa-
rable resilin joints (e.g. the 1 m-cu joint) in wings of western honey bees ( Apis mel-
lifera ) and assumed that they might play an analogous role in increasing the 
chordwise wing fl exibility. Based on the distribution of resilin patches, wing veins, 
the occurrence of a fl exible hook-mediated forewing-hindwing-connection and 
observed wing deformations, they further suggested the existence of fi ve fl exion 
lines in one forewing-hindwing entity and assumed that these probably increase the 
cordwise fl exibility and support camber formation. In addition, Mountcastle and 
Combes ( 2014 ) demonstrated that a resilin-bearing joint at the leading edge (the 
costal break) in  the   wings of wasps has a major role in  mitigating   wing wear by 
fl exion along this joint when the wings hit an obstacle. This mechanism is espe-
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cially important  for   wings with wing veins extending all the way to the tip because 
such a design endows a wing with more spanwise rigidity than, for example,  bum-
blebee   wings that lack veins at the wing tip (Mountcastle and Combes  2014 ). 

 The occurrence of resilin in several broadened vein patches as well as in mem-
branous folding lines was described for fan-like dermapteran  hind   wings (Haas 
et al.  2000b ; Deiters et al.  2016 ). These structures help folding the wing into a wing 
package being ten times smaller than the unfolded wing. This package can then be 
hidden under the short sclerotised forewings. The four-fold wing folding can be 
achieved without musculature activity and is assumed to be driven by  elastic recoil   
of the anisotropically distributed resilin on either the ventral or the dorsal sides of 
broadened vein patches in intercalary and radiating veins, supported by the resilin- 
bearing radiating folds that infl uence the folding direction (Haas et al.  2000b ). 
Unfolding of the hind  wings   is achieved either by wiping movements of the cerci 
(e.g. in the European earwig (  Forfi cula auricularia   ) and the lesser earwig (  Labia 
minor   )) or by wing fl apping (e.g. in the earwigs   Timomenus lugens   , which has very 
long cerci, and  Auchenomus  sp.) (Haas et al.  2000b ,  2012 ). Both unfolding mecha-
nisms are supported by  several   wing stiffening mechanisms such as the mid-wing 
mechanism and the claval fl exion line, which keep the wing unfolded in all species 
examined (Haas et al.  2000b ,  2012 ). These mechanisms were found to play an 
important role both in the static unfolded state of the wing and during fl apping 
fl ight, in which they help to inhibit an unfavourable folding of the wing (Deiters 
et al.  2016 ). Furthermore, the fl exible resilin-bearing folding lines were found to not 
only serve wing folding but also act as fl exion lines at which the wing fl exes during 
fl ight, thereby supporting the generation of an aerodynamically favourable cam-
bered wing profi le (Wootton  1992 ; Deiters et al.  2016 ). 

 In beetle  wings  , resilin was found to occur at the marginal joint, between veins 
that separate during folding, and along fl exion lines in membranous areas, leading 
to the hypothesis that  elastic energy storage   by resilin can support  wing   unfolding 
also in beetle wings (Haas et al.  2000a ). However, this can, if at all, only be a sup-
portive role because wing unfolding in beetles was stated to be mainly achieved by 
scissor-like movements of the RA and MP1+2 veins via contraction of the Musculus 
pleura alaris and the basalar muscles, which is possibly supported by hydraulic 
hemolymph pressure (Haas and Beutel  2001 ; Sun et al.  2014 ). Like in dermapteran 
 wings  , in beetle wings resilin most probably delays material fatigue in highly 
stressed wing regions and might further play a role in wing deformation during 
fl ight (Haas et al.  2000b ). 

 In  wings   of the urban bluebottle blowfl y (  Calliphora vicina   ), resilin is mainly 
present in the proximal part of the wing, predominantly in the form of resilin- 
bearing patches between veins (Lehmann et al.  2011 ). The occurence of resilin 
coincides with the proximal distribution of the maximum spanwise bending stress 
at the beginning of each stroke cycle and suggests that the resilin patches reduce the 
risk of breaking near the  wing   hinge due to a decrease in peak stress in the rigid 
wing parts (Lehmann et al.  2011 ).  
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4.5.4     Attachment Systems 

 The contact formation of insect adhesive pads on substrates depends on the pads’ 
ability to adapt to the surface topography. In this context, specifi c micro- and nano-
structures can enhance the quality of the contact (Gorb  2001 ; Gorb and Beutel  2001 ; 
Gorb et al.  2002 ; Creton and Gorb  2007 ; Voigt et al.  2008 ). In the case of attachment 
on rough substrates, multiple contacts, being formed by some adhesive systems, 
provide great advantages (Hui et al.  2004 ). The formation of multiple contacts, 
which contribute to an increase of the overall length of the total peeling line, is 
facilitated by a hierarchical organisation of the attachment structures (Varenberg 
et al.  2010 ). It was shown that the combination of thin tape-like contact tips of hairs 
(setae) and applied shear force lead to the formation of a maximal real contact area 
without slippage within the contact (Filippov et al.  2011 ). This indicates that mate-
rial  fl exibility   is very important for the contact formation of adhesive pads. With a 
minimal normal load, fl exible materials can create a large contact area between the 
attachment structures and the substrate. On the other hand, if elongated structures 
are made of too fl exible materials, they will have a low mechanical stability 
(Borodich et al.  2010 ). Insect setae, for example, can buckle and collapse resulting 
in so-called clusterisation (or condensation) when they are too soft (Jagota and 
Bennison  2002 ; Spolenak et al.  2005 ). Such a clusterisation can strongly decrease 
the functional advantages obtained from multiple adhesive contacts (Varenberg 
et al.  2010 ). For this reason the material properties of insect adhesive setae represent 
an optimisation problem, which has been solved during evolution by the develop-
ment of gradients of the thickness and the mechanical properties. The presence of 
thickness gradients, revealed by scanning electron microscopy, is well-known for 
various insect adhesive setae (Gorb  2001 ). Recently, a gradient of the material com-
position, present on the level of each single adhesive tarsal seta, was shown to exist 
in the seven-spot ladybird (  Coccinella septempunctata   ) (Coleoptera) (Peisker et al. 
 2013 ; Fig.  4.7a–c ). The material of the setal tip contains large proportions of resilin, 
while the base of the seta consists mainly of sclerotised chitinous material. Between 
the tip and the base, a pronounced material composition gradient was revealed by 
CLSM. This gradient is refl ected by a pronounced gradient of the material proper-
ties: the setal tip is rather soft, whereas the setal base is relatively stiff. Both gradi-
ents were hypothesised to represent an evolutionary optimisation that increases the 
attachment performance of the adhesive pads when they attach to rough surfaces 
due to an effi cient adaptation of the soft and fl exible setal tips to the substrate and a 
simultaneous prevention of setal clusterisation by means of the stiffer setal bases 
(Peisker et al.  2013 ). Since this hypothesis is diffi cult to test experimentally using 
biological specimens, it was tested using numerical simulation (Gorb and Filippov 
 2014 ; Fig.  4.7d–f ). The results indicate that setae with long soft tips and rigid bases 
exhibit a strong adhesion but also a pronounced clusterisation (Fig.  4.7e ). Setae 
with rigid tips and soft bases have a low adhesion and a pronounced clusterisation 
(Fig.  4.7f ). Only setae with short soft tips and rigid bases feature optimal adhesion 
properties and simultaneously a minimum of clusterisation (Fig.  4.7d ), which 
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confi rms the hypothesis. Tarsal liquids produced by beetles are assumed to contrib-
ute to the adhesion effi ciency of adhesive pads in the form of capillary interactions 
and cleaning effects. With regard to the resilin-dominated setal tips, an additional 
function is conceivable. As described above, resilin is only soft and fl exible when it 
is hydrated. Accordingly, to keep the contribution of the large resilin proportions in 
the setal tips to the attachment performance of the adhesive pads on a high level, the 
hydration of the resilin must be maintained. It is imaginable that this is achieved by 
slowly evaporating tarsal liquids covering the setae and thereby keeping the resilin 
in the setal tips hydrated (Peisker et al.  2013 ).

   The presence of material gradients has also been demonstrated for smooth 
attachment devices of insects (Perez Goodwyn et al.  2006 ). Interestingly, the gradi-
ents revealed in smooth adhesive pads of locusts and bush crickets differ from those 
existing in the adhesive  tarsal setae   described above. The smooth pads contain a 
relatively soft core, which is covered by a stiffer layer. Accordingly, the direction of 
the material gradient is opposite to that in the adhesive  tarsal setae  , which can be 
well explained by the different pad architecture. Smooth pads consist of branching 
rods (fi bres), which form foam-like structures and, together with fl uid-fi lled spaces 
between solid structures, keep the shape of the pad. This principle is combined with 
the presence of a relatively stiff superfi cial layer terminating the fi bres. The superfi -
cial layer is necessary to keep the position of the relatively long and thin fi bres (and 
with it the distance between the fi bre tips) constant (Perez Goodwyn et al.  2006 ; 
Gorb  2008 ). This pad architecture was studied in detail in two orthopteran species, 
the great green bush-cricket (  Tettigonia viridissima   ) (Ensifera) and the migratory 
locust (  Locusta migratoria   ) (Caelifera), whose adhesive pads generally have a 
 similar structural organisation (Perez Goodwyn et al.  2006 ; Fig.  4.8a–d ). Both pads 
possess a fl exible resilin-containing exocuticle with fi brils that are fused into rela-
tively large rods oriented in an angle to the surface. However, slight differences in 
the pad architecture exist. Adhesive pads of  L.    migratoria    feature a clearly thicker 
superfi cial layer as well as a higher density of rods than those of  T.    viridissima    (Fig. 
 4.8a–d ). In addition, indentation experiments revealed a higher effective  Young’s 
modulus   and a lower work of adhesion for  L.    migratoria    pads (Fig.  4.8f, g ). The 
lower adhesive properties of  L.    migratoria    pads can be explained by the larger 
thickness of the relatively stiff superfi cial layer, which likely reduces the pad’s 
adaptability to the substrate much more than the relatively thin superfi cial layer of 
the  T.    viridissima    adhesive pad. The superfi cial layer is assumed to also protect the 
pad from desiccation as indicated by experiments showing that cut-off adhesive 
pads of  T.    viridissima    (with the relatively thin superfi cial layer) lose water much 
faster than those of  L.    migratoria    (Fig.  4.8e ). Consequently, the material gradient 
provides a combination of conformability to the surface roughness of the substrate 
(The compliant material of the pad contributes to the effi cient contact formation 
with the substrate.) and resistance to the dry environment. Such pad architectures 
likely depend on the preferred environment of each species and are the result of 
trade-offs between different factors such as evaporation rate, stiffness, stability and 
adhesion.  
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4.5.5     Mouthparts 

 The fi rst mouthpart-related  structures   containing resilin were already mentioned 
shortly after the description of resilin. In the respective studies, resilin was found in 
the salivary and feeding pumps of assassin bugs (Edwards  1960  (cited in Bennet- 
Clark  2007) ; Bennet-Clark  1963 ). Later, the fi ndings were confi rmed and comple-
mented by additional information about the resilin distribution (Edwards  1983 ). In 
these pumps, which enable the bugs to suck relatively large amounts of blood in a 
short time period and to inject proteolytic enzymes into prey or assaulters or to spit 
on the latter, the resilin-containing structures function as elastic spring antagonists 
to muscles. A similar function was described for resilin-containing structures pres-
ent in the maxillipeds of decapod  crustaceans   (Burrows  2009 ). The movements of 

  Fig. 4.8    Material structure and properties of orthopteran adhesive pads (euplantulae). ( a ,  b ) Great 
green bush-cricket (  Tettigonia viridissima   ). ( c ,  d ) Migratory locust (  Locusta migratoria   ). ( a ,  c ) 
Scanning electron micrographs showing frozen, fractured, substituted, dehydrated and criti-
cal point dried pads. ( b ,  d ) Wide-fi eld fl uorescence micrographs showing frozen-cut pads. 
Structures with large proportions of resilin are violet/blue.  sl  superfi cial layer,  bl  layer of branching 
rods,  rl  layer of primary rods. ( e ) Desiccation dynamics of tarsi and pieces of tibiae cut off the body 
in both species. ( f ) Effective Young’s modulus of attachment pads of both species determined by 
means of indentation with a spherical tip radius of 250 μm. ( g ) Work of adhesion of attachment 
pads of both species measured by means of indentation with a sphere with a radius of 32 μm. In  
( f ) and ( g ), the ends of the  boxes  defi ne the 25th and 75th percentiles, the  lines  indicate the medi-
ans, and the  error bars  defi ne the 10th and 90th percentiles.(( a – g ) Adapted with permission from 
Perez Goodwyn et al. ( 2006 ))       
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the fl agella of these mouthparts infl uence the water fl ow through the gills as well as 
over chemoreceptors located on the head,    and thereby they importantly contribute 
to active chemoreception and to signalling by distributing urine odours. Each of the 
fl agella is abducted by the contraction of a single muscle. Due to this abduction, a 
structure that contains relatively large resilin proportions and is located in the joint 
between the fl agellum and the exopodite of the maxilliped is bent. After relaxation 
of the muscle, this elastic structure recovers its original shape and moves the fl agel-
lum back to its resting position. 

 In general, due to  its   very pronounced  elasticity   and fatigue resistance, resilin 
appears to be a very suitable material for exoskeleton structures that are typically 
intensively deformed for a rather large number of times during the lifetime of the 
organisms. A butterfl y proboscis, for example, is tightly and spirally coiled when it 
is in its resting position (e.g. Krenn  1990 ). For the uptake of food, hemolymph is 
pumped into the proboscis resulting in the generation of hydrostatic pressure that 
completely uncoils the proboscis (e.g. Eastham and Eassa  1955 ; Hepburn  1971 ; 
Krenn  1990 ) and strongly changes the shape of certain proboscis elements. During 
this process, dorsal parts of the proboscis are compressed. These parts contain rela-
tively large proportions of resilin and act as springs that cause the recoiling of the 
proboscis when the hydrostatic pressure is removed (Hepburn  1971 ). 

 A  remarkable   resilin-containing adhesive prey-capture device, formed by the 
elongated labium, exists in rove beetles of the genus   Stenus    (Staphylinidae). This 
prey-capture apparatus can be protruded towards a prey within a few milliseconds. 
When sticky pads (modifi ed paraglossae), located at the distal end of the premen-
tum, adhere to the prey, the labium is withdrawn immediately, and thereby the prey 
is transported to the mouth region of the beetle where it can be seized with the 
mandibles (Betz et al.  2009 ; Koerner et al.  2012a ,  b ). The sticky pads feature a sur-
face that is subdivided into numerous terminally branched outgrowths. During the 
prey-capture, these surface structures are completely covered by an adhesive secre-
tion that is produced in special glands located in the head capsule and makes the 
sticky pads a hairy, hierarchically structured and wet adhesive system. Similar to the 
insect tarsal adhesive pads mentioned above, softness and compliance of the pad 
cuticle contribute to the generation of strong adhesive forces by the pads. The cuti-
cle material of certain parts of the sticky pads contains large proportions of resilin 
providing  fl exibility   and  elasticity   and enabling the pads to effi ciently adapt to the 
surface of the prey items (Koerner et al.  2012b ).

    Copepods    are   tiny  crustaceans   that inhabit nearly all aquatic habitats worldwide 
and are particularly abundant in the marine water column where they account for 
large proportions of the zooplankton (e.g. Longhurst  1985 ; Huys and Boxshall 
 1991 ). The diet of many of the marine planktonic species comprises relatively large 
fractions of diatoms (i.e. unicellular algae with silica-containing shells called frus-
tules).  Copepods   use the gnathobases of their mandibles to grab and mince food 
particles. To be able to effi ciently digest the diatom cells, the  copepods   must crack 
the frustules before the ingestion of the cells. The gnathobases possess tooth-like 
structures (called teeth in the following) at their distal ends (e.g. Michels and 
Schnack-Schiel  2005 ). In  copepod   species feeding on large amounts of diatoms, 
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these teeth are rather compact and consist of complex composites that combine 
diverse structures and materials with a wide range of properties. Recently, the mor-
phology and material composition of the gnathobases of two  copepod   species have 
been analysed and described in great detail (Michels et al.  2012 ,  2015b ). The gna-
thobases of the calanoid  copepod     Centropages hamatus     feature   two larger and rela-
tively compact teeth (Fig.  4.9a–e ). Each of these teeth possesses a chitinous socket 
that is covered by a cap-like structure with a large resilin proportion. On top, another 
cap-like structure that is composed of silica is located. All other gnathobase teeth 
are smaller, contain no silica, are mainly chitinous and have tips with large resilin 
proportions.  C.    hamatus    is omnivorous and feeds on, among other organisms, 
 diatoms and protists. It is assumed that the large silica-containing teeth are used for 
feeding on diatoms. The silica makes these teeth stiffer and more mechanically 
stable and thereby more effi cient in cracking the diatom frustules. In case the dia-
tom frustules are too stable and the pressure acting on the tips of the siliceous teeth 
exceeds the breaking stress level causing an increased risk of crack formation in and 
breakage of the teeth, the soft and elastic resilin-containing structures are supposed 
to function as fl exible bearings that can be compressed and thereby reduce stress 
concentrations in the tooth material and increase the resistance of the teeth to 
mechanical damages.    Additional structures with large resilin proportions, located in 
the central and proximal parts of the gnathobases, are assumed to have a damping 
function that makes the whole gnathobases resilient and further reduces the risk of 
mechanical damage of the teeth. The smaller gnathobase teeth of  C.    hamatus    are 
likely used to grab protists. In this context, the grip of the tooth tips is suggested to 
be increased by the soft and elastic resilin making the grabbing process more 
effi cient. 

 The gnathobases of the calanoid  copepod     Rhincalanus gigas   , a species whose 
diet mainly consists of diatoms, are characterised by fi ve relatively large and com-
pact teeth that possess a combination of different materials comparable to that of the 
silica-containing teeth of  C.    hamatus    (Fig.  4.9f, g ). Each of these teeth has a silica- 
containing cap-like structure that is located on a chitinous socket. At the base of the 
socket,    the gnathobase exoskeleton features large proportions of resilin. Like in the 
silica-containing teeth of  C.    hamatus   , these resilin-containing structures very likely 
function as compressible supports reducing the risk of mechanical damages of the 
teeth during feeding on diatoms with stable frustules. In general, the complex com-
posite systems in the gnathobase teeth are assumed to have coevolved within an 
evolutionary arms race together with the diatom frustules (Michels and Gorb  2015 ).

4.5.6        Reproductive Organs, Mechanoreceptors 
and Compound Eyes 

  The   mating of bed  bugs   represents a famous example of sexual confl ict. During 
every successful mating event, the cuticle of the ventral side of the female’s abdo-
men is penetrated by the male with a cannula-like intromittent organ, and the male 
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  Fig. 4.9    Morphology and material composition of mandibular gnathobases of  copepods  . Confocal 
laser scanning micrographs showing gnathobase structures of ( a – e ) a female of the  copepod   spe-
cies   Centropages hamatus    and ( f ,  g ) a female of the  copepod   species   Rhincalanus gigas   . ( a – c ,  f ,  g)  
Maximum intensity projections. ( d ,  e)  1-μm-thick optical sections through the largest tooth of the 
gnathobase. ( a ,  f ) Distribution of resilin. ( b ) Chitinous exoskeleton (red) and resilin-dominated 
structures (blue). ( c – e ,  g ) Chitinous exoskeleton (red, orange), resilin-dominated structures (blue, 
light blue, turquoise) and silica-containing structures (green). Scale bars = 20 μm ( a – c ), 5 μm ( d , 
 e ), 25 μm ( f ,  g ) (( a – e ) Adapted with permission from Michels et al. ( 2012 ). ( f ,  g ) Adapted with 
permission from Michels et al. ( 2015b ))       
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injects sperm and accessory gland fl uids directly into the abdomen where  the   sperm 
migrate to the ovaries (Carayon  1966 ; Stutt and Siva-Jothy  2001 ). This traumatic 
insemination imposes survival costs on the females (e.g. Stutt and Siva-Jothy  2001 ) 
but  the   females cannot avoid mating (Reinhardt et al.  2009 ). As a result of this sex-
ual confl ict, a female organ, the so-called spermalege, has evolved. In common bed 
bugs (  Cimex lectularius   ), this organ is located on the right side of the ventral abdo-
men  part   where it is visible as a notch-like modifi cation of the posterior edge of the 
fi fth segment that exposes the subjacent intersegmental membrane and cuticle of the 
 sixth   segment (Fig.  4.10a, b ). A recent study revealed that the spermalege cuticle, 
by contrast to other cuticle sites analysed on the ventral side of the female abdomen, 
   contains large proportions of resilin (Michels et al.  2015a ; Fig.  4.10c–l ). In micro-
indentation tests, the penetration force necessary to pierce the resilin-rich sper-
malege cuticle was signifi cantly lower than that necessary to pierce the other cuticle 
sites (Michels et al.  2015a ; Fig.  4.10b ). In addition, evidence for a signifi cantly 
reduced tissue damage and hemolymph loss was obtained for piercings of the sper-
malege cuticle compared with piercings of the other cuticle sites (Michels et al. 
 2015a ). The results suggest that the material composition of the spermalege cuticle 
has evolved as a tolerance trait that reduces the mating costs of both the female and 
the male:    due to the softness of resilin the penetration is easier for the male and 
causes less wounding of the female, and after the withdrawal of the intromittent 
organ the  elasticity   of resilin causes a  sealing   of the puncture reducing the hemo-
lymph loss and the risk of bacterial infection.

   Hair plate sensilla  and   campaniform  sensilla      are typical mechanoreceptors that 
are common in insect exoskeletons (e.g. Thurm  1964 ; Heusslein and Gnatzy  1987 ; 
Keil  1997 ). These receptors possess so-called joint membranes and cap membranes 
that are composed of large proportions of resilin (Thurm  1964 ; Keil  1997 ; Michels 
and Gorb  2012 ). On the dorsal side of the pretarsus of  E.    tenax   , for example, hair 
plate sensilla with rather long and relatively thick hairs are present (Fig.  4.11a–e ). 
The base of each hair is surrounded by a joint membrane that, due to its resilin- 
dominated material composition, is soft and fl exible and allows movement and 
bending of the hair shaft resulting in a  stimulation   of the receptor. Because the long 
hairs project beyond and below the pulvilli of the pretarsus, they touch the substrate 
shortly before the pulvilli and likely have the function to indicate the upcoming 
contact between  the   pulvilli and the substrate. The cerci of crickets feature cercal 
fi liform hairs associated with campaniform sensilla (Heusslein and Gnatzy  1987 ; 
Heußlein et al.  2009 ). The latter and the bases and sockets of the fi liform hairs are 
embedded in material that contains relatively large proportions of  resilin   (Michels 
and Gorb  2012 ; Fig.  4.11f ) and, as mentioned above, very likely allow movement 
and bending of the shafts of the fi liform hairs and of the campaniform sensilla, 
which are very sensitive strain receptors (also called fl ex  or   displacement receptors), 
and thereby stimulate the respective dendrite of the sensory cell.

   The presence of  large    proportions   of resilin (in part also described as ‘resilin-like 
protein’) in compound eye lenses has been described for different arthropods 
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  Fig. 4.10    Material composition and properties of the ventral abdominal cuticle of females of the 
common bed bug (  Cimex lectularius   ). ( a ) Abdomen overview (scanning electron micrograph). ( b ) 
Section of ( a ) indicating the locations of the spermalege ( S ) and three other cuticle areas called  AS , 
 M  and  AM , and penetration forces (mean ranks and standard errors) determined for these four 
cuticle sites. ( c – l ) Confocal laser scanning micrographs (maximum intensity projections) showing 
overlays of different  autofl uorescence  s exhibited by the exoskeletons. Blue colours indicate large 
proportions of resilin. ( c ,  d )  Autofl uorescence   composition of the cuticle in the left ( c ) and right 
( d ) abdomen parts. The dominance of violet/blue  autofl uorescence   (shown in blue) is restricted to 
the spermalege, clearly indicating that only at this site the cuticle contains large proportions of 
resilin. ( e – h )  Autofl uorescence   composition of the cuticle at the sites  AS  ( e ,  f ),  M  ( g ) and  AM  
( h ). The cuticle at M and AM consists mainly of sclerotised chitinous material, indicated by the 
dominance of autofl uorescence shown in red, while the presence of large proportions of autofl uo-
rescence shown in green in the cuticle at AS indicates that the respective material consists mainly 
of weakly or non-sclerotised chitinous material. ( i – l )  Autofl uorescence   composition of the cuticle 
at the spermaleges of different 1-week-old females, indicating variation of the extent of the resilin- 
dominated spermalege structures between females. Scale bars = 500 μm ( a ), 50 μm ( c ,  d ,  f – l ), 25 
μm ( e ) (Figure reproduced with permission from Michels et al. ( 2015a ))       
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(Sannasi  1970 ; Jaganathan and Sundara Rajulu  1979 ; Dey and Raghuvarman  1983 ; 
Viswanathan and Varadaraj  1985 ; Michels and Gorb  2012 ; Fig.  4.12 ). While other 
exoskeleton components are typically micro- and nano-structured, coloured and 
pigmented and, therefore,    not suitable as material for optical elements, the  pro-
nounced    transparency  , the colourlessness and the  amorphousness   make resilin  a 
  perfect material for the construction of optical systems.   

  Fig. 4.11    Resilin in mechanoreceptors. ( a – f ) Confocal laser scanning micrographs showing over-
lays of different  autofl uorescence  s exhibited by the exoskeletons. Blue colours indicate large pro-
portions of resilin. ( a ) Dorsal view of the pretarsus of a third leg of a female drone fl y ( Eristalis 
tenax  ). ( b ) Dorsal view of a section of a second leg’s pretarsus of a male  E.    tenax   . The arrow 
highlights a hair plate sensillum. ( c ) Larger view of the hair plate sensillum highlighted in ( b ). ( d , 
 e ) Confocal laser scanning micrographs showing 1-μm-thick optical sections through the hair plate 
sensillum shown in ( c ). ( f ) Cercal fi liform hair ( CFH ) and associated campaniform sensilla (high-
lighted by small arrows) on a cercus of a female house cricket ( Acheta domesticus ). ( a – c ,  f ) 
Maximum intensity projections. Scale bars = 25 μm ( a ,  b ), 10 μm ( c – f ) (Figure reproduced with 
permission from Michels and Gorb ( 2012 ))       
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4.6     Biomimetics 

 The outstanding combination of high extensibility, high durability, low stiffness, 
high solvent- and heat-stability, self-assemble ability,  autofl uorescence   and high 
 resilience  , which is even greater than that of polybutadiene, makes resilin ideal for 
industrial and medical applications in a variety of different fi elds including tissue 
engineering, drug delivery, biosensor techniques and nanotechnology (Rauscher 
and Pomès  2012 ; van Eldijk et al.  2012 ; Su et al.  2014 ). In 2001, Ardell and 
Andersen identifi ed the  D.    melanogaster    gene product CG15920. A few years later, 
Elvin and coworkers ( 2005 ) reported on the fi rst success in the cloning, expression 
and purifi cation of the protein derived from the fi rst exon of this gene in  Escherichia 
coli . They produced the soluble recombinant resilin-like polypeptide  rec1-resilin  , 
which by Ru(II)-mediated photo-cross-linking can be formed into a solid, rubber- 
like material with physical and mechanical properties comparable to those of native 
resilin. Since then, a variety of different  recombinant   resilin-like polypeptides 
(RLPs) have been synthesised using more and more effective cloning and expres-
sion induction techniques to produce repetitive sequences, multimerise short 
sequences and increase the yield of the recombinant protein (e.g. Meyer and Chilkoti 
 2002 ; Studier  2005 ; Kim et al.  2007 ; Lyons et al.  2007 ,  2012 ; Qin et al.  2009 ; 

  Fig. 4.12    Resilin in compound  eyes  . Confocal laser scanning micrographs (maximum intensity 
projections) depicting overlays of different  autofl uorescence  s exhibited by the exoskeletons. Blue 
structures contain large proportions of resilin. ( a ) Lateral view of the head of a male green lace-
wing ( Chrysoperla carnea ). ( b ) Frontal view of the head of a pharaoh ant ( Monomorium pharao-
nis ) worker. ( c ) Lateral view of the head of a beetle of the genus  Circocerus . Scale bars = 100 μm 
( a ,  c ), 50 μm ( b ) (( a ,  b ) Adapted with permission from Michels and Gorb ( 2012 ))       
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Bracalello et al.  2011 ; McGann et al.  2013 ; Su et al.  2014 ). The increase in the yield 
of water soluble  RLP  s to concentrations higher than 20 wt% and their unique 
thermo-responsiveness in the form of a dual phase behaviour with lower and upper 
critical solution temperatures (LCST and UCST, respectively) ( rec1-resilin  : about 6 
°C (LCST) and 70 °C (UCST)), above or below which they are completely or par-
tially immiscible, facilitated the purifi cation and allowed the formation of hydrogels 
(Elvin et al.  2005 ; Dutta et al.  2011 ; van Eldijk et al.  2012 ; Balu et al.  2014 ). 
Whittaker and coworkers ( 2015a ) showed that the LCST can be tuned to lower val-
ues by inducing more ordered conformations and increasing hydrophobicity to 
 rec1-resilin, for example   by combining  rec1-resilin   with a hydrophobic rigid silk 
fi broin protein. In the future, this LCST behaviour could also be used to design a 
minimally invasive injectable scaffold, being, for example, soluble at room tem-
perature but forming a fi tting hydrogel scaffold at the defect site at body tempera-
ture (Li et al.  2011 ; Su et al.  2014 ). 

 Another useful property of  RLP  s is their pH responsiveness.  Rec1-resilin   has an 
isoelectric point at around pH = 4.8 and shows a complex organisation with nega-
tively charged protein residues exposed to water and positively charged residues 
forming the core (Dutta et al.  2011 ). Dutta and coworkers ( 2011 ) revealed a rapid 
change in the structural conformation of  rec1-resilin   as a function of pH and associ-
ated charge reversal, and Truong and coworkers ( 2010 ) reported on the  pH- dependent 
behaviour of  rec1-resilin   at solid-liquid interfaces, forming globule to coil to 
extended coil conformations with varying packing densities at changing pH values, 
creating a ‘switchable surface’ with either a compact or a brush-like conformation 
(Truong et al.  2010 ; Balu et al.  2014 ). Furthermore, Dutta and coworkers ( 2011 ) 
found that the UCST behaviour of  rec1-resilin   is dependent on the pH value due to 
a change in hydrogen-bonding capabilities of the amino acids. 

 Photo-responsiveness is an additional property of native resilin and  RLP  s that 
can be infl uenced by the pH value. When excited with UV light,  RLP  s and native 
resilin exhibit a violet/blue  autofl uorescence  , which can be attributed to the pheno-
lic amino acid tyrosine. Excitation and emission wavelengths of  RLP  s were reported 
to change dramatically with increasing pH value, changing from maxima of 275 nm 
(absorption) and 303 nm (emission) to 293 nm and 350 nm, respectively. This shift 
is probably due to the ionisation (deprotonation) of the phenolic group of tyrosine 
at a pH value higher than its p K a (around 10.5) (Dutta et al.  2011 ; Balu et al.  2014 ). 

 In addition, the mechanical properties of  RLP  s and native resilin can be con-
trolled through the level of hydration. Dried  rec1-resilin   is hard, brittle and glass- 
like and features a very high glass transition temperature of around 181 °C (only 
slightly lower than the chemical decomposition temperature of around 236 °C) due 
to strong intermolecular interactions between the amino acid residues (Truong et al. 
 2011 ; Balu et al.  2014 ). When hydrated (even when hydrated only to 10 %),  rec1- 
resilin   swells and shows a dramatic decrease in the glass transition temperature, 
hardness and elastic modulus (Truong et al.  2011 ). The initial, very fast, hydration 
of  RLP  s can be ascribed to the high amount of polar amino acid residues in  rec1- 
resilin   (around 46 %), with  aspartic acid   and  glutamic acid   having the highest affi n-
ity towards water molecules, which are present in the form of bound non-crystallisable 
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water (Truong et al.  2011 ). In the second stage, hydration expands by clustering/
condensation around these already hydrophilic sites, followed by the third stage, in 
which clustering of free crystallisable water (bulk water) occurs, fi nally rendering 
the  RLP  s completely hydrated and soft and endowing them with high molecular 
chain mobility (Truong et al.  2011 ). 

 Li and coworkers ( 2011 ,  2013 ) also showed that mechanical properties like 
strength, extensibility and storage modulus of the  RLP  s can be easily tuned (e.g. 
storage modulus within a range of 500 Pa to 10 kPa) by varying the polypeptide 
concentration and cross-linker ratios (e.g. higher cross-linking leads to higher 
strength and lower extensibility; higher protein concentrations lead to higher stor-
age modulus). Furthermore, they found that gelation times can be tuned via varia-
tions in  RLP  s concentration, cross-linker ratio and cross-linking temperature, 
suggesting possible applications in  RLP  s  in vivo  injection (Li et al.  2011 ). 

 Qin and coworkers ( 2011 ) demonstrated that cross-linking of the  rec1-resilin   via 
the citrate-modifi ed photo-Fenton reaction can be used as another  dityrosine   medi-
ated polymerisation and results in not only highly elastic but also adhesive materi-
als, thereby representing a useful tool for the  in vivo  gelation of  RLP  s. 

 Dutta and coworkers ( 2009 ) further examined the adsorption  of   RLPs on differ-
ent surfaces and reported  that   RLPs molecular architecture and orientation during 
assembly can be controlled by tuning the physical conditions at the surface (i.e. 
substrate surface energy). They showed the formation of mono-molecular layers on 
hydrophilic and of columnar structures on hydrophobic surfaces, suggesting the use 
of these nanoscale  rec1-resilin   mono/bi-layers (0.98–8.3 nm) as a template or reser-
voir for drug, nanoparticle or enzyme delivery and sensor applications (Dutta et al. 
 2009 ; Balu et al.  2014 ). Later, they used  rec1-resilin   to synthesise nanoclusters with 
a size of < 2 nm, which include, for example, gold and silver (Dutta et al.  2013 ; Balu 
et al.  2014 ). For this purpose, they used  rec1-resilin   to sequester noble metal ions, 
entrapped those ions to the aqueous protein solution through addition of precursor 
salts and increased the pH to around 12 to reduce the sequestered ions (by the  rec1- 
resilin   molecules) to form particles (Dutta et al.  2013 ; Balu et al.  2014 ). 

 Vashi and coworkers ( 2013 ) further showed  that   RLPs lack cell-recognition 
sequences, so that cells will not bind  to   RLPs matrices, but that the addition of an 
integrin-binding motif (-RGD) to  the   RLPs allows cell binding. As reported by 
Renner and coworkers ( 2012 ), these RLP-RGD gels are not only biodegradable but 
in fact ensure a cell viability of 95 %. In addition, Vashi and coworkers ( 2013 ) proved 
that the photochemical reaction for tyrosine cross-linking  in   RLPs is cell- compatible 
( in vitro ), complementing the latter results and supporting an  in vivo  application. 

 All these properties together with the unusual multi-stimuli responsiveness  make 
  RLPs highly promising to be used as fl exible, highly resilient scaffold or reservoir 
material in various applications. Furthermore, more recently, modular  chimeric 
  RLPs have been developed, conferring desired mechanical and biological properties 
to the resilin-based scaffold (e.g. Charati et al.  2009 ; Li et al.  2013 ; Balu et al.  2014 ; 
Su et al.  2014 ). For example, modules of different bioactive molecules can be incor-
porated  into   RLPs, containing several repeats of the resilin-like motif of the fi rst 
exon, to mimic cellular microenvironments of the extracellular matrix. This can 
help engineering mechanically active tissues as blood vessels, cardiovascular tis-
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sues and vocal cords (Li et al.  2011 ). For example, Charati and coworkers ( 2009 ) 
included functional domains intended to control cell adhesion, growth factor deliv-
ery and material degradation. More specifi cally, they used a cell-binding ligand 
derived from fi bronectin for cell adhesion, a matrix metalloproteinase sensitive 
sequence to promote proteolytic degradation by respective enzymes, and a heparin- 
binding module for the immobilisation of heparin and the sequestration of growth 
factors (Charati et al.  2009 ; van Eldijk et al.  2012 ). In addition, they added lysine 
residues outside of the repeat motifs to have additional cross-linking sites and 
replaced tyrosine with phenylalanine in order to provide strategies for photochemi-
cal cross-linking (Charati et al.  2009 ). Such slight modifi cations to the amino acid 
sequences of the resilin-like repeat motifs, as well as the incorporation of functional 
domains were shown to not measurably alter the conformational and mechanical 
properties of  the   RLPs (Charati et al.  2009 ; Li et al.  2011 ). More precisely, Li and 
coworkers ( 2013 ) showed that the concentration of biologically active domains in a 
hydrogel can be uncoupled from its mechanical properties by simply mixing  differ-
ent   RLPs constructs. 

 Other studies, like the one of Lv and coworkers ( 2010 ), report on the attempt to 
develop materials that could mimic different types of muscles. With the idea to 
endow the material with mechanical properties comparable to titin and resilin, they 
created  modular   RLPs consisting of mechanically resistant, folded and globular GB1 
domains and resilin-like repeat domains and  obtained   RLPs with a stiffness compa-
rable to that of myofi brils, a high  resilience   at low strain and an enhanced ability to 
work as shock-absorber at high strain by dissipating energy (Lv et al.  2010 ). In 
another attempt to combine the mechanical properties of elastin and resilin (high 
 elasticity  ) with those of collagen (high strength), Bracalello and coworkers ( 2011 ) 
created a chimeric resilin-elastin- collagen   like polypeptide (REC), which shows a 
self-assembling into higher order fi brillary structures and a  Young’s modulus   compa-
rable to that of elastin- or resilin-like material. Whittaker and coworkers ( 2015b ) 
developed a chimeric recombinant resilin-like polypeptide by combining soft, highly 
elastic  rec1-resilin   with the mechanically strong and hard regenerated silk fi broin 
(RSF) and obtained a hybrid  Rec1/RSF   hydrogel with a higher water uptake capacity 
and increased storage modulus values (in the range of MPa), allowing the usage in, 
for example, tissue engineering applications where increased stiffness is required. 

  Chimeric   RLPs can also be used as surfactant-like agents or bio-nanocomposite 
adhesives, enabling the incorporation of benefi cial bio-nanocomposites into a mate-
rial of different hydrophobicity and thereby enhancing its material properties 
(Verker et al.  2014 ). For example, Verker and coworkers ( 2014 ) developed an envi-
ronmentally friendly method of inserting hydrophilic nano-crystalline cellulose 
(NCC) into a commercially available hydrophobic epoxy resin by using  an   RLP 
combined with a cellulose binding domain (CBD). Until then, incorporation of 
NCC into polymeric matrices or adhesives had involved insatisfactory or environ-
mentally unfriendly methods such as the use of waterborne epoxy resins or the use 
of large quantities of solvents (Capadona et al.  2007 ; Tang and Weder  2010 ; Verker 
et al.  2014 ; Xu et al.  2013 ). Upon mixing and sonication of RLP-CBD, NCC and 
epoxy resin, Verker and coworkers ( 2014 ) produced an emulsion of epoxy resin sur-
rounding aqueous droplets of RLP-CBD bound to NCC via the CBD. Heating of the 
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emulsion led to a covalent reaction between the amine groups of  the   RLP and the 
epoxide groups of the epoxy resin, thereby having fi xed and dispersed the NCC in 
the epoxy resin, and to the evaporation of water (Verker et al.  2014 ). After adding 
the commercial hardener, an epoxy resin with a higher  elasticity   (arising from the 
incorporation of  the   RLP) and a dramatically increased  Young’s modulus   (arising 
from the incorporation of the NCC) was obtained (Verker et al.  2014 ).  

4.7     Conclusions and Outlook 

 Exoskeleton structures with large proportions of resilin are common among arthro-
pods. This book chapter demonstrates the exceptional properties of resilin and the 
broad range of resilin functions in various exoskeleton structures. Resilin stands out 
because of its low stiffness, unique  resilience  , large extensibility and extreme dura-
bility, and it facilitates  fl exibility   and compliance,  elastic energy storage  , elastic 
recovery, fatigue and damage reduction,  sealing   and  transparency   and thereby 
makes the respective exoskeleton systems rather effective. Due to its remarkable 
combination of different properties, resilin is a highly effi cient multi-functional pro-
tein, and this has very likely been the reason for the evolution of the large functional 
diversity of resilin-containing exoskeleton structures. Furthermore, the outstanding 
properties of resilin, especially the very pronounced  resilience  , the solvent- and 
heat-stability and the ability to self-assemble make this elastomeric  protein   an ideal 
biological material for diverse industrial and medical applications. Numerous stud-
ies have been conducted to reveal the molecular mechanism of the  elasticity   of 
resilin and to more and more tune the properties of recombinant resilin-like poly-
peptides, thereby paving the way for a potential extensive utilisation of this low- 
toxic biocompatible material as a replacement for many synthetic polymers.      
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    Chapter 5   
 The Mineralized Exoskeletons of Crustaceans                     

     Shmuel     Bentov     ,     Shai     Abehsera     , and     Amir     Sagi    

    Abstract     The crustaceans constitute one of the oldest arthropod taxa, from which 
insects later evolved (Giribet et al., Nature 413:157–161, 2001; Regier et al., Nature 
463:1079–U1098, 2010; Giribet and Edgecombe, Annu Rev Entomol 57:167–186, 
2012). A typical feature that characterizes the Crustacea is their mineralized chitin-
ous exoskeleton. The reinforcement of the chitinous exoskeleton with calcium salts 
and the formation of inorganic-organic composite materials by the crustaceans rep-
resent one of the oldest biomineralization mechanisms to have evolved in animals. 
The basic function of mineralization is to enhance the mechanical strength of the 
skeleton. When compared to other animals with mineralized skeletons, crustaceans 
face two distinct challenges inherent in the fact that their skeleton is external: fi rst, 
the animal’s locomotion abilities must not be compromised by its mineralized exo-
skeleton, and second, the growth mode by periodic molting requires intensive mobi-
lization of minerals during the resorption of the old cuticle and the rapid 
recalcifi cation of the new cuticle. These two demands are among the prime determi-
nants that govern the various calcifi cation patterns in Crustacea. This review focuses 
on the mineralogical aspects of the crustacean exoskeleton with emphasis on the 
controllable parameters of the mineral phase properties, namely, the degree of min-
eralization, the degree of crystallization, the phosphate/carbonate ratio, and the 
involvement of proteins. It also explores potential biomimetic applications inspired 
by the crustacean exoskeleton against the background of similarities between crus-
taceans and vertebrates, namely, both groups are the only groups in the animal king-
dom that combine advanced locomotion with jointed mineralized skeletons. In 
addition, many crustaceans have the ability of calcium phosphate mineralization, 
like vertebrates. These similarities provide unique opportunities to compare differ-
ent evolutional solutions to similar functional challenges that, in turn, can inspire 
biomimetic approaches to the development of synthetic bio-composites for various 
skeleton-related medical applications.  
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5.1       Introduction 

  The  Crustacea    and   the  Hexapoda   are the two major groups of the Arthropoda. 
Recently, it has been shown that the  Hexapoda   are phylogenetically more associated 
with the  Crustacea   (and not with the  Myriapoda   as was previously assumed (Manton 
and Harding  1964 ; Wheeler et al.  2004 )), and can actually be considered, phyloge-
netically, as “ terrestrial crustaceans  ” (Regier et al.  2005 ). The two groups are thus 
now grouped into a clade known as the  Pancrustacea   (or the  Tetraconata  ). The crus-
taceans, which inhabit marine, freshwater, and terrestrial habitats, are a highly het-
erogeneous group of animals in terms of morphology and living habits—from large 
lobsters and crabs that can exceed 1 m at maximum diameter (e.g., the  Japanese 
spider crab  ) to microscopic  Tantulocarida   of less than 100 μm (e.g.,   Stygotantulus 
stocki   ), from agile  shrimps   to sessile  barnacles  , from benthic walkers to pelagic 
swimmers. A fundamental characteristic of crustaceans is their mineralized cuticle, 
and the heterogeneity of the crustaceans is refl ected in their diverse cuticle proper-
ties, which differ not only between species but also between different body parts. 
The crustacean exoskeleton comprises four layers which are, from the outermost 
inward:  epicuticle  ,  exocuticle  ,  endocuticle  , and the membranous layer (Fig.  5.1 ). 
The outermost  epicuticle   is a thin layer, composed of proteins and lipids, that pro-
vides a mechanical barrier against pathogens and provides an impermeable layer 
(Mary and Krishnan  1974 ) that enable better ionic regulation. In  terrestrial crusta-
ceans   (e.g. Isopoda) the  epicuticle   serves as a waterproofi ng layer (Hadley and 
Warburg  1986 ) probably with other functions (Vittori and Štrus  2014 ). The  epicu-
ticle   is less calcifi ed than the underlying exo/endocuticle (Dillaman et al.  2005 ) 
whereas the minerals are usually restricted to the  pore canals   (Hegdahl et al.  1978 ). 
The underlying  exocuticle   and the inner  endocuticle   represent the major part of the 
cuticle. These are the most mineralized layers and thus govern the mechanical prop-
erties of the crustacean  exocuticle  . On the proximal side, below the  endocuticle  , lies 
a non-mineralized “membranous layer” that overlies a single layer of epithelial cells 
which are primarily a secretory tissue, responsible for producing the overlying lay-
ers of the cuticle. The basic functions of the exoskeleton are to provide protection 
and to serve as an anchor for the muscles. In comparison with the mineralized endo-
skeleton of vertebrates, the exoskeleton of crustaceans provides better protection 
and possibly better leverage for the pull of muscles (Currey  1967 ; Taylor and Dirks 
 2012 ; Žnidaršič et al.  2012 ). Despite these advantages, the mineralized external 
skeleton presents two major challenges to the crustacean: First, the mineralized 
exoskeleton must not compromise the animal’s locomotion abilities (e.g., walking, 
swimming and tail- fl ipping  ), and second, the animal must facilitate the intensive 
mobilization of minerals associated with the growth process, which includes peri-
odic shedding of the old cuticle through  molting  , followed by rapid recalcifi cation 
of the new one. These two demands are among the prime determinants that govern 
the general  calcifi cation   patterns in  Crustacea  .

   The structural organization of the mineral – organic  composites   within the 
crustacean cuticle occurs over multiple length scales, from the nanometer to the 
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  Fig. 5.1    Changes in  mineralization   patterns of intermolt and premolt cuticles, and of exuvia, in 
  Cherax quadricarinatus   . ( a ) Low-magnifi cation SEM micrographs of cuticle cross sections. Ep, 
 epicuticle  ; Ex,  exocuticle  ; En,  endocuticle  ; Ml, membranous layer. ( b ) High-magnifi cation SEM 
micrographs of representative areas demonstrating matrix structure and mineral deposition in the 
cuticle during three stages of the molt cycle (Adapted from (Shechter et al.  2008a ) with permission 
from the Marine Biological Laboratory)       
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 millimeter scale. The building blocks of the cuticle are  nanocomposite   units of 
chitin–protein–mineral, which produce hierarchical structures with properties that 
are specifi cally tailored to carry out particular functions. Tight biological control 
over the properties of the mineral component of the composite is exerted via control 
of the degree of  mineralization      (from heavily mineralized to non-mineralized 
cuticle), the degree of  crystallization   (from amorphous to highly crystallized) and 
the nature of the mineral ( ratio   of  calcium carbonate   to  calcium phosphate  ); this 
biological control over the mineral properties is probably mediated by various 
proteins, e.g. structural proteins, ions transporters and catalytic proteins. As discussed 
below, the fi ne biological control of the above parameters in different species and in 
different body parts produces various cuticular structures with different chemo-
physical properties. 

 This review focuses particularly on the mineralogical aspects of the crustacean 
composite exoskeleton, with emphasis on the controllable parameters of the mineral 
phase. Thus, we refer the interested reader to previous review papers that have been 
written from a more physiological perspective (Luquet  2012 ) or from materials sci-
ence perspective (Paris et al.  2013 ; Grunenfelder et al.  2014 ), respectively.  

5.2     The Advantages of Mineralization 

 It is currently held that  most   lineages with exoskeletons originally had a tough non- 
mineralized exoskeleton, which became mineralized later in evolution: Many 
arthropods and arthropod-like animals (early  Panarthropoda  ) that appeared during 
the Cambrian explosion had hard skeletons of purely organic cuticles with no incor-
porated biominerals (Bengtson  2004 ; Smith and Caron  2015 ). Thus, biomineraliza-
tion in arthropods may be regarded an impregnation of an already developed cuticle, 
with minerals. We note that stiffness and hardness of organic skeletons can be 
attained without mineralization, for example, by protein tanning (as in insect cuti-
cles) or by  the   incorporation of metals, but the strongest skeletons are those that 
incorporate biominerals (Bengtson  2004 ). Accordingly, in  Crustacea  , the mechani-
cal properties of the exoskeleton are attributed mainly to the mineral phase (Vincent 
 2002 ). The incorporation of minerals into the cuticle makes it less prone to deforma-
tion and tearing and less susceptible to abrasion (Lichtenegger et al.  2002 ). While 
biominerals are typically stiff and hard, they are also brittle. This drawback is over-
come by combining the minerals with structural organic matrices (proteins and 
polysaccharides) into composite materials. The  inorganic–organic composite   mate-
rials possess mechanical characteristics of stiffness, toughness, and strength that are 
superior to those of their  constituent   building blocks (Nikolov et al.  2010 ). 

 An additional advantage of mineralized exoskeletons over solely organic skele-
tons is that reinforcement by  mineralization   might be cheaper, in metabolic terms, 
than organic sclerotization. It  is   assumed that the main  metabolic cost   of shell con-
struction lies in the creation of the proteins and polysaccharides required for the 
shell’s composite structure and not in the precipitation of the mineral components 
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(Palmer  1992 ; Bengtson  1994 ,  2004 ; Cohen  2005 ). Thus, in order to stiffen the 
cuticle to a certain degree, it might be cheaper to use mineral reinforcement than 
enhancing sclerotization. The sources of the major salt used for reinforcement of the 
crustacean exoskeleton, CaCO 3 , are the ocean and freshwater bodies, in most of 
which the mineral is present in supersaturated concentrations. Therefore, in order to 
deposit CaCO 3 , the animal needs to kinetically enhance a process that is frequently 
favored thermodynamically. Various studies showed that  ocean acidifi cation  , that 
decreases the saturation value of CaCO 3,  and consequently  increases   the  metabolic 
cost   of mineralization, may have an adverse effect on growth and survival of marine 
crustaceans (Cameron  1985 ; Kurihara et al.  2008 ; Arnold et al.  2009 ; Findlay et al. 
 2009 ; Whiteley  2011 ). It is assumed that although the crustaceans can compensate 
for the acidic condition by active ionic regulation, the  metabolic cost   of the compen-
satory responses that facilitate  calcifi cation   have the potential to adversely affect 
growth, reproduction and survival. It is noteworthy that, since the chemistry of 
water bodies, is not stable (on the secular level), the changing metabolic price for 
different minerals and their various polymorphs, probably plays a major role in the 
 mineralogy   of crustaceans. 

5.2.1     Mineralization and the Adaptations to Terrestrial 
Environment, Hexapods and Isopods 

 It is now  widely   accepted that the  Hexapoda   emerged from within the  Crustacea  , 
possibly from a malacostracan-like ancestor (Andrew  2011 ; Strausfeld and Andrew 
 2011 ; Ma et al.  2012 ). Thus, it is possible that hexapods as “ terrestrial crustaceans  ”, 
that successfully invaded land as insects (Glenner et al.  2006 ; Mallatt and Giribet 
 2006 ), lost their mineralization capabilities in favor of a lighter cuticle, as part of 
their adaptation to terrestrial and aerial environments. Another group of crustaceans 
that successfully colonized land habitats is the terrestrial isopods (Oniscidea) that 
retained their mineralized exoskeleton.    Comparison of the two groups shows differ-
ent evolutionary pathways in the adaptation to terrestrial life. Two of the main phys-
iological challenges in arthropods adaptation to terrestrial habitat are water retention 
and air breathing. The exoskeleton of aquatic crustaceans is relatively water- 
permeable so the animal is prone to dehydration at land. In addition, the typical 
external gills of crustaceans enhance water loss by transpiration, and without modi-
fi cation they would collapse in air under their own weight. Terrestrial arthropods 
were thus faced with two options: adapt or innovate (Dunlop et al.  2013 ). Hexapods 
innovated and developed an entirely new tracheal respiratory system as well as a 
non-mineralized highly impermeable waxed integument. On the other hand, terres-
trial isopods still use their traditional gills for respiration (with special adaptations 
such as a complex water-conducting system and protected lung-like invaginations). 
They also retained the typical mineralized crustaceans-cuticle probably due to their 
passive defense strategy. There is also evidence that increased  calcifi cation   of the 
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exoskeleton reduces permeability and water loss in  crustacea   (Edney  1960 ). 
Although the cuticle of Oniscidea have improved waterproofi ng (Bursell  1955 ) they 
lack the highly effective impermeable epicuticular wax layer (Barnes et al.  2009 ). 
Therefore, because of the water loss associated with respiration and integumental 
transpiration, terrestrial isopods are usually nocturnal and are mostly restricted  to 
  cryptozoic moist niches (Edney  1960 ; Little  1990 ).   

5.3     Degree of Mineralization 

 A major tunable  parameter   that is highly variable in crustaceans, both in different 
body parts (Fig.  5.2 ) and between species, is the degree of mineralization. The 
change in mineral density is used to control hardness vs fl exibility, to form graded 
structures, and to control the general density of the animal as an adaptation to dif-
ferent environments, e.g., pelagic vs benthic  habitats  .

5.3.1       Degree of Mineralization in Different Body Parts 

 Mineral  content   is  a   dominant factor in cuticle stiffness. As mentioned above, min-
eralization is not uniform in the different body parts, the basic trade- off   being fl ex-
ibility vs hardness. The most mobile parts, such as joints, legs and arthrodial 
membranes, are lightly calcifi ed if at all (Cribb et al.  2009 ), whereas the carapace 
and claws are more heavily mineralized, and the  mandibles   are usually the most 
heavily mineralized cuticular element. A comparison of mineral contents in the 
carapace, claw, and fi nger of  the   American lobster   Homarus americanus    and  the 
  edible crab   Cancer pagurus    revealed a positive correlation between the degree of 
mineralization and hardness and a negative correlation between the degree of min-
eralization and elasticity (Boßelmann et al.  2007 ). In both species, the mineral con-
tent increases from the carapace through the claw to the fi nger, as is to be expected 
from the different requirements for hardness of these body parts: The movable fi n-
ger, being an incising puncturing device, is highly mineralized and very hard. In 
contrast, the fi xed claw, which serves as  the   cutting base, is less mineralized and 
hence softer  and   more elastic. Such an arrangement can be viewed as a hard sharp 
knife working on a stationary softer cutting board.  

5.3.2     Degree of Mineralization and Graded Structures 

 Control over the degree  of    mineralization   is also used to produce mechanically 
graded structures. As discussed above, a basic problem in mineral reinforcement is 
the brittleness of biominerals, which may be exploited by predators. When a 
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predator exerts a compression force on the outer layer of the cuticle, a rigid layer 
would be likely to crack under the stress, exposing the underlying soft tissues. One 
of the solutions to this problem is the formation of a graded structure, with a hard 
surface layer being mounted over a more compliant layer, an arrangement that can 
dissipate deformation  energy   without the propagation of cracks (Nedin  1999 ). In 
 Crustacea  , the degree of mineralization plays a major role in the formation of such 
structures. Generally, as the degree  of   mineralization is increased, greater stress is 
required to harmfully deform the cuticle, and conversely the less mineralized the 
cuticle, the greater the deformation required to damage it irreversibly (Nedin  1999 ). 
Accordingly, the  exocuticle   layer is more mineralized and hence harder and stiffer 
than the  endocuticle   (Sachs et al.  2006 ).    The less mineralized  endocuticle   is 

  Fig. 5.2    Volume rendered micro-CT scan reconstruction of the crab   Trapezia  spp.  , showing high 
variability in  the   degree of  mineralization  . ( a ) 3D model surface rendering showing densitometry 
information for the mineral phase. The image was pseudo-colored according to an RGB palette, 
with low mineral density in  red  and high density in  blue . In this setting the organic matter is trans-
parent. ( b ) Maximum intensity projection (MIP) image (voxels with the highest attenuation value) 
show that the claws and the  mandibles   are the most highly mineralized parts of the exoskeleton. 
Scanning and volume rendering reconstructions were performed using a Skyscan1 1172 micro-CT 
machine and CTVox software (Skyscan). scale bar = 3 mm       
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correspondingly softer but tougher: it resists tensile stresses but is liable to failure 
under compression (Raabe et al.  2005 ; Chen et al.  2008 ). It is noteworthy that in 
many  decapods  , in addition to the higher mineral content, the  exocuticle   shows a 
higher stacking density of the chitin–protein layers (Raabe et al.  2005 ) and enhanced 
 sclerotization   when compared to the  endocuticle      (Neville  1975 ; Paris et al.  2013 ).  

5.3.3     Mineralization and Flexibility 

 The degree  of    mineralization   is usually positively correlated to hardness and  elastic 
modulus  , and negatively correlated to fl exibility. Thus, more fl exible crustaceans 
tend to have a less mineralized exoskeleton than rigid species: crabs ( Brachyura  ), 
for example, have developed a heavily mineralized exoskeleton that provides good 
protection but decreased fl exibility. The tradeoff between mineralization and fl exi-
bility is demonstrated in  the   tail fl ip escape mode prevalent in  decapods  . This mech-
anism allows crustaceans to escape predators through rapid abdominal fl exions that 
produce powerful swimming strokes, thereby pushing the animal backwards and 
away from potential dangers. This escape behavior requires some fl exibility that 
enables bending of the carapace.    The carapace, which covers the main body, must 
therefore have a certain degree of elasticity to allow the  movement   and some bend-
ing of the animal. A study that provides a good demonstration of the tradeoff 
between mineralization and fl exibility is the above-mentioned comparison of the 
mineral contents in the carapace of  H.    americanus    and  C. pagurus  (Boßelmann 
et al.  2007 ). In particular, the different degrees of mineralization of the carapace of 
these two species are refl ected in their escape behavior: the increased mineralization 
of the crab carapace prevents the fl exural bending that is required for  the   tail fl ip, 
and therefore upon attack the crab clings to the ground, utilizing its highly mineral-
ized armored exoskeleton to protect itself. In contrast, the lobster with the more 
elastic cuticle  escapes   rapidly  and   hides between rocks.  

5.3.4     Degree of Mineralization and Habitat Zone 
Within the Water Column 

  More    mineralized   crustaceans are heavier. Consequently, there is a clear correlation 
between the degree of mineralization, on the one hand, and the habitat zone and the 
locomotion style, on the other hand (pelagic vs benthic and swimmers vs walkers). 
Benthic species tend to have a more mineralized  exocuticle   than pelagic species 
(Pütz and Buchholz  1991 ),  a   characteristic that correlates with the traditional divi-
sion of the  decapods   into Natantia (comprising the families that move predomi-
nantly by swimming, such as the  shrimps  ) and the Reptantia (e.g., crabs and lobsters 
that move chiefl y by walking on the bottom of the water body). 
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 It  is   noteworthy that  the   degree of mineralization is also associated with the gen-
eral  breeding   and  molting   strategy of the different  Crustacea  . In highly calcifi ed 
species, intermolt periods are longer than those in poorly calcifi ed species (Aiken 
and Waddy  1980 ). A short life span and a high growth rate mean that biomineraliza-
tion is relatively more costly in metabolic energy terms and therefore light  calcifi ca-
tion   is advantageous. Accordingly, calcifi ed species are associated with K-strategies 
(i.e., extended life span, slow maturation, brooding of young, relatively small num-
bers of offspring), while weakly calcifi ed species are associated with r-strategies 
(short life span, rapid maturation,  broadcast   spawning,    greater mobility, and higher 
population density) (Sastry  1983 ; Sardà et al.  1989 ).   

5.4     Reinforcement with Stable Amorphous Phases 

 The  Crustacea   is the only major taxon in the animal kingdom that widely uses amor-
phous phases – amorphous calcium carbonate (ACC) and amorphous calcium phos-
phate (ACP) – for the structural purpose of cuticle stiffening (Addadi et al.  2003 ). 
Other species use more stable crystalline minerals, namely,  calcite   and  aragonite   in 
invertebrates and  apatite   in vertebrates. Amorphous phases are less stable than their 
crystalline counterparts and are usually present as a transient phase. When required 
permanently, such phases must therefore be stabilized by additives that inhibit crys-
tallization. Compared to  calcite  , ACC has a lower hardness and a lower modulus of 
elasticity, but ACC has a number of potential biological advantages: (1) an  isotropic 
structure   with no preferred growth direction, which enables it to be molded into any 
desired shape; (2) a lack of cleavage planes, which makes it less brittle than its 
counterpart crystalline materials (Aizenberg et al.  2002 ); (3) a high  solubility   com-
bined with a high surface area, which provides improved  resorption   potential; and 
(4) the ability to incorporate much higher levels of  trace elements   and impurities 
than crystalline phases (Bentov and Erez  2006 ). 

5.4.1     Resorbability 

 In order to grow, crustaceans periodically shed their exoskeleton and build a new 
larger one. During the premolt stage, massive  resorption   of the ‘old’ skeleton takes 
place (Fig.  5.1 ), and ions (Ca 2+ , CO 3  2− , and PO 4  3− ) are stored in various ways, e.g., 
as  gastroliths  , hepatopancreas granules and  sternal deposits   (Luquet and Marin 
 2004 ); these ions are later used for  calcifi cation   of the new cuticle. It is thus entirely 
plausible that a soluble polymorph, which enables better and faster  resorption  , is 
advantageous. It is noteworthy that in addition to  thermodynamic   solubility, another 
advantage of ACC lies in the size of the mineral spheres, usually 50–100 nm, imply-
ing a very high surface area that would further enhance effi cient  resorption  . 
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Measurements of  resorption   yield show that up to 75 % of the cuticle can be resorbed 
(Skinner  1962 ). The  resorption   process is executed by the innermost epidermal 
layer and thus the  endocuticle   is frequently more resorbed, than the  exocuticle   
(Travis  1955 ; Roer and Dillaman  1984 ). Both  exocuticle   and  endocuticle   show 
enhanced  resorption   at the “ecdysial suture” which is a region that splits to allow the 
animal to emerge during  ecdysis   (Priester et al.  2005 ).  

5.4.2     Mechanical Advantages 

 The typically small  size   of the ACC spheres might also confer a mechanical advan-
tage, as the nanometer size of the mineral particles contributes to optimum strength 
and maximum robustness (Gao et al.  2003 ). In addition, the small size enables nano-
mechanical heterogeneity, which is typical of the chitin-protein-mineral  nanocom-
posite  . Such nanoscale structural heterogeneity might also enhance ductility and 
energy dissipation (Tai et al.  2007 ). Finally, as mentioned above, the lack of cleav-
age planes in ACC, due to its isotropic properties, probably makes it less brittle than 
 calcite   (Aizenberg et al.  2002 ).  

5.4.3     Phosphate Incorporation 

 A factor that possibly  contributes   to the wide use of stable ACC for exoskeleton 
reinforcement is the ability of the amorphous phase to incorporate higher amounts 
of  trace elements   and impurities than crystalline phases (Bentov and Erez  2006 ). In 
 Crustacea  , the major co-precipitate with the bulk  calcium carbonate   in the exoskel-
eton is  calcium phosphate   (the possible advantages of  calcium phosphate   biominer-
alization are discussed below). Since  calcite   crystal lattices barely accommodate 
phosphate ions, this co-precipitation is restricted to amorphous phases where ACC- 
ACP (designated ACCP) behaves as a  solid solution   having various PO 4 /CO 3   ratios  . 
It is believed that the phosphate in the ACCP  solid solution   is used, together with 
other additives, for ACC  stabilization   (Weiner et al.  2003 ; Bentov et al.  2010 ). In 
addition, as discussed below, phosphate incorporation also plays a mechanical role 
in ACCP: It has been shown that an increased PO 4 /CO 3   ratio   in ACCP is associated 
with enhanced mechanical properties, such as improved hardness and modulus of 
elasticity (Figs.  5.3  and  5.4 ) (Currey et al.  1982 ; Bentov et al.  2012 ) and reduced 
 solubility   (Bentov et al.  2016 ). Importantly, as shown in Fig.  5.3 , ACCP has mechan-
ical properties (hardness and Young’s modulus) that are comparable to those of ver-
tebrate bone.    Thus, crustaceans seem to have overcome some of the limitations of 
ACC (e.g.,  solubility   and low hardness) via the incorporation of phosphate.
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5.5           The Combination of Calcium Carbonate 
and Calcium Phosphate 

 An  intriguing   question in  the   evolution of biomineralization is why and how specifi c 
minerals were adopted by the different taxa.  Mineralization   with specifi c minerals 
has proved to be a conserved trait. Once a specifi c mineral is selected, taxa rarely 
switched mineralogies (Porter  2007 ). From the beginning of biomineralization in 
the major animal phyla, during the Cambrian explosion approximately 525 MYA 
ago, the minerals used by most animals for skeletal reinforcement were calcium 
salts, either calcium phosphate or calcium carbonate. Consequently, these two min-
erals remained the most important bioinorganic materials throughout the Phanerozoic 
eon (until present times), in terms of  both   phylogenetic distribution and biomineral 
quantities (Lowenstam and Weiner  1989 ). 

 According to the general  scheme   of biomineral distribution in animals, verte-
brates adopted calcium phosphate, while invertebrates adopted calcium carbonate 
(Knoll  2003 ). However, in crustaceans the picture seems to be more complex, with 
various pieces of evidence suggesting that in many crustaceans controlled biomin-
eralization of calcium phosphate takes place in addition to the formation of the bulk 

  Fig. 5.3    Nanoindentation testing of the anterior  crayfi sh   molar. ( a ) Light micrograph of the mea-
sured region in cross-section. bar, 100 μm. ( b ) Hardness ( open triangles ) and reduced Young’s 
modulus ( fi lled circles ) for the dotted line in a. Both properties show an increase towards the sur-
face (ACC < ACCP < ACP) and much larger values within the  fl uorapatite   (FAP) distal layer 
(Adapted from (Bentov et al.  2012 ) with permission from the Nature Publishing Group)       
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calcium carbonate. Unlike other  invertebrates   (e.g.,  Mollusca   and Echinodermata), 
many crustaceans contain different amounts of phosphorous within their carbonate 
skeletons (Huxley  1884 ; Clarke and Wheeler  1922 ; Prenant  1927 ; Vinogradov 
 1953 ; Lowenstam and Weiner  1989 ; Bentov et al.  2010 ; Kunkel and Jercinovic 
 2013 ; Vatcher et al.  2015 ). This phenomenon was observed as long ago as the 1850s 

  Fig. 5.4    Raman spectroscopic imaging of the   Cherax quadricarinatus    molar. ( a ) Light micro-
graph of the analyzed area. Scale bar, 20 μm. The measured area on a molar cross-section covers 
the transition zone between the  apatite   and the amorphous mineral (see inset). ( b ) Raman spectro-
scopic image of the ν 1  phosphate peak. The normalized integrated intensity ( I PO 4 / I PO 4   max ) shows 
that phosphate is found in the entire mapped region. ( c ) The intensity ratio ( I CO 3 / I PO 4 ) of the 
carbonate (ν 1 ) to the phosphate peak shows a pronounced gradient with superimposed fl uctuations. 
( d ) The position of the ν 1  phosphate peak shows a sharp transition from the crystalline  fl uorapatite 
  (FAP) zone ( higher values ) to the amorphous regions ( lower values ). The boundary between the 
 apatite   layer and the amorphous phases is indicated by the white dashed lines in b–d. ( e ) Normalized 
single Raman spectra at positions 1, 2, 3, 4 and 5 as indicated in a, compared with synthetic refer-
ence materials, FAP and  calcite  . The changes in the peak intensities show the gradual decrease/
increase in carbonate/phosphate contents. The broadening of the phosphate peak as well as the 
shift to lower wavenumbers, when passing from position 5 to position 3 across the sample, repre-
sents the transition from FAP to ACP (Adapted from (Bentov et al.  2012 ) with permission from 
Nature Publishing Group)       
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by Darwin, who noted that crustacean calcareous shells show high variability of 
phosphate content,    whereas molluscan shells  have   virtually no phosphate (Darwin 
 1851 ). As mentioned above,    the presence of phosphate in crustacean skeletons has 
been attributed mainly to co-precipitation with ACC (Raz et al.  2002 ; Becker et al. 
 2005 ; Hild et al.  2009 ). The presence of  apatite   crystals in the skeletal tissues of 
crustaceans has long been considered to be unusual and was thought to be restricted 
to the  barnacle   group of  Iblidae   that contain small crystals of carbonated  apatite   
(Lowenstam et al.  1992 ). However, it has recently been demonstrated that calcium 
phosphate  mineralization   is widely prevalent in crustacean  mandibles   and that  cal-
cium phosphate   teeth  are   frequently formed at specifi ed locations in the  mandible   in 
the major crustacean class,  Malacostraca   (which includes lobsters,  crayfi sh  ,  prawns   
and  shrimps  ) (Bentov et al.  2016 ). In these structures, calcium phosphate is not 
merely co-precipitated with the  bulk   calcium carbonate but rather creates special-
ized structures in which a layer of calcium phosphate, frequently in the form of 
crystalline  fl uorapatite  , is mounted over a calcareous “jaw.” A study of the  mandible   
of the  crayfi sh     Cherax quadricarinatus    showed that the  molar teeth   are reinforced 
 with   large oriented crystals of  fl uorapatite  . This phosphatic cover is mounted over a 
carbonate basis, forming a graded structure of multi-phase  composite   material that 
produces superior mechanical properties, comparable to those of vertebrate  enamel   
(Fig.  5.3 ) (Bentov et al.  2012 ). Another example of a particular structure that is 
mineralized with crystalline  apatite   is the raptorial appendage of the mantis  shrimp      
(Weaver et al.  2012 ; Amini et al.  2014 ). The ability to produce sophisticated struc-
tures with superior mechanical properties suggests that many crustaceans possess 
two biomineralization machineries, one  for    calcium carbonate and the   other for 
calcium phosphate (Bentov et al.  2016 ). The wide occurrence of this phenomenon 
further suggests that the phosphate  mineralization   mechanism did not evolve inde-
pendently in the different groups but rather that it has older evolutionary roots. 

  The   phosphatic “inclination” of  crustaceans   seems to go back to the very begin-
ning of crustacean biomineralization. According to  fossil records  ,    calcium phos-
phate skeletons were more predominant than calcium carbonate skeletons during 
the appearance of early biomineralizing animals (Lowenstam  1972 ). The fi rst 
arthropods frequently had a phosphatic skeleton (e.g.,  Bradoriida  ,  Aglaspidida   and 
 phosphatocopines  ).    In fact, at least until the  Ordovician  , arthropods exhibited the 
most advanced calcium phosphate skeletons, which preceded the specialization of 
vertebrates (Chordata) in terms of calcium phosphate  mineralization   (Lowenstam 
 1972 ). During the Cambrian, the relative abundance of  these   groups of minerals was 
reversed, and by the mid-Cambrian, carbonate minerals had become the most com-
mon bioinorganic constituents of skeletal elements and remain so to date (Lowenstam 
and Margulis  1980 ; Lowenstam and Weiner  1989 ).    The reason for this shift is 
unclear, although it might have been associated with high phosphate concentrations 
in the early Cambrian oceans, as a result of the extensive  phosphogenic events   that 
took place across the  Precambrian-Cambrian boundary   and ended by the close of 
the Cambrian (Rhodes and Bloxam  1971 ; Cook and Shergold  1984 ; Cook  1992 ). 
This shift is  best   demonstrated within arthropods fossils, which are among the most 
 dominant   Cambrian fossils (e.g., at  Burgess Shale   in the Canadian Rockies). 
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 The phylogenetic nature of  this   Cambrian  shift from calcium phosphate to 
calcium carbonate   is subject to dispute. According to Lowenstam ( 1972 ), the shift 
 from   phosphate to carbonate  calcifi cation   represents an evolutionary adaptive 
change within the arthropods, namely, a change that refl ects the rising  metabolic 
cost   of phosphate usage. Other authors argue that a mineralogical shift within  a 
  clade is not likely and that the “shift” merely refl ects the evolutionary success of 
various early lineages with different mineralogies. It has further been argued that it 
is more likely that the apparent replacement of phosphatic minerals with carbonate 
was the result of secondary diagenetic (post-mortem) phosphatization of carbonate 
shells (Bengtson and Runnegar  1992 ). However, support for the option of early 
phosphatic arthropods may be drawn from several studies showing  that   fossils of 
Cambrian arthropods that had previously been considered to be secondarily phos-
phatized actually had a primary (original) phosphatic cuticle (Bachra et al.  1965 ; 
Muller  1979 ; Briggs and Fortey  1982 ; Lin et al.  2010 ).    In addition, the above-
mentioned frequent fi nding of dual  mineralization   systems in  recent   crustaceans 
demonstrates the feasibility (in evolutionary terms) of an intra-lineage mineralogical 
shift within the crustaceans. 

 The possession  of   dual  mineralization   “toolkits”  for   calcium carbonate and cal-
cium phosphate has provided the crustaceans with (additional) evolutionary plastic-
ity in designing exoskeletal properties. During evolution, the balance between the 
mechanical requirements of cuticular elements (e.g., the carapace and feeding tools) 
and the  metabolic cost   of phosphate and carbonate use (as derived from the animal’s 
environment) probably dictated  the   extent of phosphate distribution in the largely 
calcareous cuticle. 

 Comparing  the   biomineralization  of   calcium carbonate and calcium phosphate 
from a physiological perspective shows that, theoretically, these biomineralization 
mechanisms can share some basic features. The concentrations of calcium, carbon-
ate, and phosphate are under tight cellular control.    Calcium supply to the  calcifi ca-
tion   site can be similar in both systems. It is likely that carbonate and phosphate 
have different transport systems, but both serve as important cellular buffers, and 
their global concentration is under the same cellular regulation system of pH homeo-
stasis. In addition, in both systems, the relative concentration of the required depro-
tonated species, CO 3  2−  and PO 4  3− , is enhanced by alkalization. The two  mineralization   
 systems   also share similar crystallization  inhibitors   (e.g.,  phosphoproteins     , ATP and 
magnesium) (Blumenthal et al.  1977 ; Raz et al.  2000 ; Bentov et al.  2010 ; Qi et al. 
 2014 ). 

 The major confl ict between the  two   systems is their mutual  inhibitory   effect on 
the crystallization process: phosphate ions interfere with the crystallization of cal-
cium carbonate and (to a lesser extent) carbonate ions with that of  apatite  . This may 
be one of  the   reasons that crustaceans frequently use fortifi cation with non- 
crystalized ACC and ACP, thereby bypassing the structural lattice constraints that 
are not inherent in the amorphous phases. Thus, an animal can maintain these two 
 mineralization    systems   utilizing, partially, the same physiological mechanisms (i.e., 
calcium supply, pH elevation and crystallization  inhibitors  ), with  relatively   simple 
adaptations, such as using different matrix proteins (Tynyakov et al.  2015b ). 
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 The high variability in  the   phosphate/carbonate  ratio   suggests that many arthropods 
do indeed maintain two biomineralization “toolkits,”    one for calcium carbonate and 
the other for calcium phosphate. This dual system provides an adaptable and versatile 
biomineralization mechanism that is able to produce separately or simultaneously 
all the minerals along the calcium carbonate–calcium phosphate spectrum, namely, 
 calcite  , ACC, ACP, and  apatite  , as demonstrated in the  mandible   of  C.    quadricarina-
tus   .    Calcium phosphate  mineralization      can be benefi cial in both the amorphous and 
crystalline phases. In its crystallized form,  apatite   offers the hardest mineral option 
from the range of calcium carbonate/phosphate salts [on the Mohs hardness scale, 
 apatite   is 5 while  calcite   is 2.5–3 (Broz et al.  2006 )]. Likewise, in the amorphous 
phase, calcium phosphate probably plays a major role in enhancing the mechanical 
properties and chemical resistance of the exoskeleton, in addition to its role in ACC 
 stabilization  .    Mechanical analysis of the  crayfi sh    mandible   (Bentov et al.  2012 ) and 
the mantis  shrimp      dactyl limb (Currey et al.  1982 ) showed that there is a positive 
correlation between the ACP/ACC ratio, on the one hand, and hardness and the 
modulus  of   elasticity, on the other hand (Figs.  5.3  and  5.4 ). In addition, ACP prob-
ably contributes to the chemical resistance of the skeletal element due to its lower 
 solubility   than ACC and  calcite   (Dorozhkin  2010 ). As mentioned above, one of the 
natural solutions for reinforcement of the skeletal structure with the aim of with-
standing massive impact, is the formation of a mechanically graded structure,    in 
which a hard material is mounted over a softer base that absorbs any impact and 
defl ects potentially dangerous cracks (Currey  2005 ). It seems that the  dual mineral 
system   provides the animal with an effi cient method of forming mechanically 
graded structures through a gradual  change   in the phosphate/carbonate  ratio  , as 
demonstrated in the mandibular  structure   of crustaceans (Bentov et al.  2012 ). 

 In summary, the advantage  of   calcium phosphate  mineralization   lies in improved 
 mechanical   qualities (such as hardness, stiffness, and wear resistance) and enhanced 
stability and acid resistance.    These advantages are off-set by the higher  metabolic 
cost   of calcium phosphate (phosphorus typically present in oceans and freshwater 
bodies in much lower concentrations than carbonate (Smith  1984 ; Mackenzie et al. 
 1993 ; Urabe et al.  1997 ; Wu et al.  2000 )), which is amplifi ed by less effi cient  resorp-
tion   (due to lower  solubility  ) during the premolt stage. Therefore, at the evolution-
ary level, there seems to be a species-specifi c tradeoff between  the   improved 
mechanical and chemical resistance properties of calcium phosphate and its higher 
metabolic price. In many species, the balanced solution seems to be the deployment 
of calcium phosphate only at  the   wear-prone sites of  the   skeleton.  

5.6     Involvement of Proteins and Genes 

 Since crustaceans are unique in their ability to rapidly mineralize and demineralize 
their exoskeletal matrices, they have been designated the “champions of mineral 
mobilization and deposition in the animal kingdom” (Lowenstam and Weiner  1989 ) 
and extensive studies have been performed on this subject (Travis and Friberg  1963 ; 
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Ueno  1980 ; Ueno and Mizuhira  1984 ; Lowenstam and Weiner  1989 ; Luquet and 
Marin  2004 ; Shechter et al.  2008b ; Nagasawa  2012 ). Key players in the formation 
of the mineralized exoskeleton are proteins, which are involved in almost every 
aspect of this process, namely: chitin assembly and metabolism (Buchholz  1989 ; 
Abehsera et al.  2015 ); control of  mineralization   (Inoue et al.  2008 ; Bentov et al. 
 2010 ); determination of elastic and structural properties (Tynyakov et al.  2015a ); 
and sclerotization (Kuballa and Elizur  2008 ). It has also been suggested that proteins 
are involved in mediating the interactions between the chitinous and the mineral 
phases and the assembly of  nanocomposites   during skeletogenesis (Glazer et al.  2015 ). 

 Studies on the role of proteins in cuticle formation in arthropods were originally 
performed on insects (Chihara et al.  1982 ; Snyder et al.  1982 ), which share cuticle 
similarity with crustaceans, although their cuticles are non-mineralized. Today, the 
fi eld of interest has shifted to cover the entire pancrustacean clade, including  deca-
pods  , as discussed in a recent review article (Roer et al.  2015b ). The latter review 
emphasizes the high similarity across the clade in cuticular structures and content, 
especially in the proteins involved in cuticle formation. In the different arthropod 
species, the proteins related to cuticle formation have common features. An impor-
tant example is the abundant  chitin-binding domain   found in many cuticular pro-
teins (Ardell and Andersen  2001 ; Inoue et al.  2001 ). One such domain is the 
cuticle-specifi c  chitin-binding domain   known as the  Rebers-Riddiford (RR) con-
sensus   sequence (Rebers and Riddiford  1988 ; Rebers and Willis  2001 ). Another 
 chitin-binding domain   found in many phyla, including the arthropods, is the type 2 
cysteine-rich  chitin-binding domain   (cys-CBD2), which is present, for example, in 
the cuticular  obstructor   protein family (Behr and Hoch  2005 ). Although many pro-
teins bind to the chitinous scaffold directly, several proteins that lack a  chitin- 
binding domain  , such as the important knickkopf protein (Chaudhari et al.  2011 ), 
bind to the scaffold through a mediator protein, such as a member of the chitin- 
binding  Obstructor   family (Chaudhari et al.  2011 ; Pesch et al.  2015 ). An example of 
this type of indirect scaffold binding is the key role played by protein complexes 
based on a single core chitin-binding  protein   in the formation of the  gastroliths   of 
the freshwater  crayfi sh    C.    quadricarinatus    (Glazer et al.  2015 ). In addition, proteins 
lacking a  chitin-binding domain   can be involved in the formation of non-chitinous 
cuticular matrices, such as the  epicuticle   (Roer and Dillaman  1984 ). Another impor-
tant process that involves protein-protein interactions is sclerotization, the cross-
linking of proteins with phenolic materials (Andersen  2010 ). Finally, the presence 
of a signal  peptide   is probably obligatory in most cuticle-forming proteins, due to 
the fact that cuticular matrices are extracellular and do not contain any living cells 
(Roer and Dillaman  1984 ). Indeed, most of the known cuticular matrix proteins do 
contain a signal  peptide   (Ardell and Andersen  2001 ; Takeda et al.  2001 ). 

 Up to this point we have discussed proteins that are involved in the formation of 
the crustacean cuticle but are not associated directly with the biomineralization pro-
cess. In comparison to the extensive body of research on the role/s of proteins in 
biomineralization in vertebrates or  echinoderms  , knowledge of the protein basis of 
biomineralization in crustaceans is limited. There are only a few known crustacean 
proteins that have been shown to be involved in biomineralization, and for most of 
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these the mechanism of action has not been elucidated. Such proteins exhibit char-
acteristics that are common to many biomineralization-related proteins, e.g., they 
are proteins having regions that are predicted to be intrinsically disordered or acidic 
in nature (Addadi and Weiner  1985 ; Evans  2012 ; Wojtas et al.  2012 ). A handful of 
studies have been conducted on proteins that take part in biomineralization in crus-
taceans. In the  crayfi sh     Procambarus clarkii   , for example, an acidic protein was 
found to have an inhibitory effect on  calcium carbonate   precipitation (Inoue et al. 
 2008 ). Also in  P.    clarkii   , the acidic  gastrolith   matrix protein (GAMP), which is pre-
dicted to have intrinsically disordered regions consisting of many repeats, is believed 
to play a key role in mineral precipitation (Ishii et al.  1996 ; Tsutsui et al.  1999 ). 
Similarly, several acidic proteins have been found in the  gastrolith   disc of the  cray-
fi sh    C.    quadricarinatus    and are known or suggested to be involved in the  calcifi ca-
tion   of the  gastroliths   (Glazer and Sagi  2012 ). The molar tooth of  C.    quadricarinatus    
(see Sect.  5.5 ) provides a unique opportunity to study the protein basis of  calcium 
phosphate   biomineralization in crustaceans (Bentov et al.  2012 ). In this process, a 
putative chitin-binding acidic protein that was predicted to be disordered was shown 
to induce precipitation and  mineralization   of  calcium phosphate    in vitro  (Tynyakov 
et al.  2015b ). 

 From a genomic point of view the regulatory machinery and set of promoters 
during  molting   is poorly known in crustaceans. Since  ecdysone   plays a key role in 
regulating  molting   of pancrustaceans (Qu et al.  2015 ) the  ecdysone   pathways is of 
interest with this respect. Recently it was found in the  decapod    shrimp     Neocaridina 
denticulate    that the ecdysteroid pathways known from insects are conserved and 
suggested to be present in the pancrustacean common ancestor (Sin et al.  2015 ). 
Temporal expression during  molting   provides a powerful tool for the study and min-
ing of molt-related genes. For example genes involved in chitin metabolism and 
extracellular matrices formation were found to have a molt-related pattern of expres-
sion in several studies done on crustaceans (Kuballa and Elizur  2008 ; Seear et al. 
 2010 ; Yudkovski et al.  2010 ; Rocha et al.  2012 ; Tynyakov et al.  2015a ). Next 
Generation Sequencing (NGS) provides the ability to perform multigene studies 
based on molt-related transcriptomic libraries. Several such studies performed 
recently gave unique insights into the molecular mechanism of molt in crustaceans 
(Abehsera et al.  2015 ; Gao et al.  2015 ; Das et al.  2016 ). From a future perspective 
since designating functions in NGS studies is based on annotations, that originates 
mainly from insect cuticular proteins (Roer et al.  2015a ), the temporal expression 
approach might enable mining of genes unique to crustaceans.  

5.7     Potential Biomimetic Applications Inspired 
by the Crustacean Exoskeleton 

  Biomineralization   in crustaceans is particularly effi cient, with the few examples 
covered above suggesting the utility of studying the proteinaceous machinery in 
crustaceans. Therefore, understanding the uniqueness that makes crustaceans the 
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“champions of mineral mobilization and deposition” could be of great importance 
in biotechnological areas such as biomimetics; such an understanding could provide 
clues to potential bio-medical applications related to the fi eld of regenerative bone 
and teeth applications. 

 The fi eld of biomaterials is in the midst of  a   transformation in which the life sci-
ences are being combined with materials science and engineering for the formation 
of  bio-inspired materials   (Huebsch and Mooney  2009 ). As part of this process, there 
has been renewed interest in arthropods as a guide to new biomimetic materials 
(Paris et al.  2013 ). 

 Inspiration for the development of synthetic bio-composites for various skeleton- 
related medical applications may be drawn by examining the differences and simi-
larities between the crustaceans and the vertebrates, the two major groups in the 
animal kingdom that combine articulated mineralized skeletons with advanced 
locomotion. The recent fi ndings that many crustaceans can form elaborate  calcium 
phosphate   structures with properties that are  comparable   to those of vertebrate 
bones and teeth (Bentov et al.  2016 ) further suggests a convergent evolution that 
refl ects similar solutions to similar mechanical challenges. One major difference 
between vertebrate and crustacean skeletons is the organic scaffold that serves as a 
template for biomineralization: The crustacean scaffold is composed mainly of the 
polysaccharide α-chitin, while the vertebrate scaffold is made of  collagen   proteins. 
However, chitin and  collagen   are considered as universal templates in biomineral-
ization (Ehrlich  2010 ). In nature, chitin was also found to serve as a template for 
 calcium phosphate   precipitation, as was shown in the chitinophosphatic skeletons of 
 brachiopods   (Williams et al.  1994 ). In pre-clinical and clinical studies, chitin and its 
deacetylated counterpart  chitosan   were found to be suitable biomaterials in the fi eld 
of human calcifi ed tissue engineering,    showing good properties of  biocompatibility  , 
biodegradability, nontoxicity, nonimmunogenicity, osseointegration and adequate 
porosity (Khor and Lim  2003 ; Kim et al.  2008 ; Costa-Pinto et al.  2011 ). 

 There are several potential applications for amorphous mineral phases – stabi-
lized ACC, stabilized ACP, and the combination  of    calcium carbonate   and  calcium 
phosphate    mineralization   as discussed below. 

5.7.1     Stabilized ACC 

 The highly soluble ACC has a potential use as  an   available calcium supplement for 
bone health. However, ACC is a metastable phase that readily transforms to the 
more stable crystalline  calcium carbonate  , and therefore, understanding  stabiliza-
tion   mechanisms is a precondition for any biotechnological application of this min-
eral. A study of the  stabilization   mechanism of ACC in the  gastrolith   (a calcium 
storage receptacle of premolt  crayfi sh  ) showed that phosphorylated amino acid moi-
eties probably play a major role as kinetic inhibitors of crystallization (Bentov et al. 
 2010 ). The elucidation of a “simplifi ed” biogenic mechanism of ACC  stabilization   
by  phosphoamino acids   (Fig.  5.5 ) inspired the development of synthetic stable 
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ACC, which has been tested as a dietary  supplement    of   available calcium (Bentov 
et al.  2014 ). Clinical trials showed that the stabilized ACC does indeed have 
improved absorption properties in humans (Meiron et al.  2011 ; Vaisman et al.  2014 ).

5.7.2        Stabilized ACP 

 Due to signifi cant chemical  and   structural similarities with calcifi ed mammalian 
tissues, as well as excellent biocompatibility and bioresorbability, ACP is a promis-
ing candidate for implementation in artifi cial bone grafts, bone cement, and bone 
 fi llers   (Combes and Rey  2010 ; Dorozhkin  2010 ). A major challenge in bone regen-
eration is to adjust the degradation kinetics of the  calcium phosphate   bone fi ller with 
the rate of bone tissue formation. In this context, the insolubility of  hydroxyapatite   
might be problematic, and a possible solution is to use ACP (Barrère et al.  2006 ). 

  Fig. 5.5    Synthetic ACC 
produced by a biomimetic 
approach. ( a ) SEM 
micrographs of ACC 
comprising 20–200-nm 
nanospheres produced in 
the presence of 
phosphoserine (bar = 500 
nm). ( b ) ACC, composed 
of 50–300-nm 
nanospheres, induced by 
the presence of 
 phosphothreonine   (1 mM) 
(bar = 500 nm) (Adapted 
from (Bentov et al.  2010 ) 
with permission from 
Elsevier)       

 

5 The Mineralized Exoskeletons of Crustaceans



156

ACP is a thermodynamically unstable compound that tends to transform spontane-
ously to crystalline  calcium phosphate  s, mainly to  apatite  . Thus, the expertise of 
crustaceans in ACP formation and  stabilization   (Bentov et al.  2016 )    could be mim-
icked for the above applications.  

5.7.3     Combination of Calcium Phosphate with Calcium 
Carbonate 

 As  mentioned   above,  a    basic   toughening feature observed in the crustacean cuticle 
is the formation of different layers with different mechanical properties, e.g., the 
hard  exocuticle   that covers a more compliant  endocuticle  . This arrangement prob-
ably evolved to withstand compression loading and to restrict crack propagation. In 
addition to the macro-layering, there is a gradation of heterogeneities on the 
nanoscale, e.g., the gradual decrease in the PO 4 /CO 3   ratio   from the distal hard sur-
face to the proximal more compliant region that is found in the  crayfi sh    mandible   
(Fig.  5.4 ) (Bentov et al.  2012 ) and the smashing limb of  the    Stomatopoda   (Currey 
et al.  1982 ; Weaver et al.  2012 ).    This gradation in mechanical properties may be 
attributed to the lack of long-range atomic order of the amorphous phases,  which 
  allows the formation of ACCP  solid solutions   with various PO 4 /CO 3   ratios  . A bio-
mimetic approach could therefore be  adopted   for the synthesis of mechanically 
graded biomaterials comprising ACC and ACP, which are both biocompatible  with 
  human  tissues   (Tolba et al.  2016 ).  

5.7.4     Concluding Remarks 

 Finally, an as yet unexploited biomimetic direction lies in the exoskeleton’s basic 
building block comprising a chitin–protein–mineral  nanocomposite  . The intimate 
association of these three types of materials within the  nanocomposite   plays a key 
role in the properties of the skeleton. It is generally believed that proteins are 
involved in the fundamental functions of chitin binding, calcium binding, formation 
of nucleation sites, elastic properties, and inhibition or enhancement of crystalliza-
tion. It seems therefore that elucidation of the role of proteins in the formation and 
functioning of the  nanocomposite   represents a major challenge and, once success-
fully addressed, could promote the development of future generations of biomateri-
als inspired by the crustacean exoskeleton.      
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    Chapter 6   
 Tyrosine Metabolism for Insect Cuticle 
Pigmentation and Sclerotization                     

     Yasuyuki     Arakane     ,     Mi     Young     Noh     ,     Tsunaki     Asano     , and     Karl     J.     Kramer    

    Abstract     Pigmentation or body color patterns in insects quite often differ not only 
between species but also in different stages of development and in different body 
regions of a single species. Body coloration plays physiologically and ecologically 
important roles as for instance in species recognition and communication, court-
ship/mate selection, mimicry, crypsis, warning, prey-predator/parasite interactions, 
and resistance to temperature, desiccation and absorbs or refl ects harmful ultravio-
let radiation. Many kinds of pigment molecules and structural colors contribute to 
the diversity of body coloration in insects. Recent studies have elucidated some of 
the genetic and molecular biological mechanisms underlying pigment biosynthesis. 
This chapter focuses on the pigments derived from the amino acid tyrosine. The 
tyrosine-mediated cuticle tanning pathway is responsible for production of mela-
nins and other pigments derived from 3,4-dihydroxyphenylalanine (DOPA) and 
dopamine as well as from  N -acyldopamines. The  N -acylated dopamines, in addi-
tion, are oxidized by the phenoloxidase laccase 2 to form quinones and quinone 
methides, which then undergo cross-linking reactions with cuticular proteins (CPs) 
for cuticle sclerotization. We review the regulation and functional importance and 
also the diversity of the genes involved in this pathway. The unique localization and 
cross- linking of specifi c CPs for morphology and ultrastructure of the exoskeleton 
are also discussed.  
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6.1       Introduction 

6.1.1      Insect Cuticle Composition and Morphology 

 The insect  exoskeleton   or cuticle is composed of multiple functional layers includ-
ing an outermost lipophilic waterproofi ng  envelope  , a protein-rich  epicuticle   and a 
 chitin  /protein-rich  procuticle   that makes up the major portion (see Chap.   7     in this 
book for details about insect hydrocarbons; Locke  2001 ; Moussian et al.  2006 ; 
Moussian  2010 ). It plays critical roles in protecting insects from various physical 
and environmental stresses and from pathogenic challenges. Two different struc-
tural biopolymers, cuticular proteins (CPs)    and  chitin   (see Chap.   2     in this book for 
details about  chitin   metabolism), are the major components of the  exo  - and  endocu-
ticular layers   that comprise the  procuticle   (Willis  2010 ). Other components include 
pigments,  catechols  , mineral salts, lipids and water. The primary focus of this review 
is the pigments found in insects that are derived from the amino acid tyrosine, which 
include  melanins   and  papiliochromes   with the former being the predominant class 
(Wittkopp and Beldade  2009 ; Shamim et al.  2014 ).  Melanogenesis   is a complex 
multistep production of high molecular weight  melanins   via hydroxylation, oxida-
tion and polymerization of the oxidized metabolites (Singh et al.  2013 ). Although 
melanin-type pigments commonly occur in insect cuticles, their isolation and partial 
characterization have been carried out in only a few species (Hackman  1974 ,  1984 ; 
Hori et al.  1984 ; Kayser  1985 ). No defi nitive molecular structure has yet been delin-
eated for these heterogeneous polymers, but they appear to be combinations of phe-
nolic, indolic, pyrrolic and aliphatic structures that may interact covalently and 
noncovalently with macromolecular components such as cuticular  proteins   and  chi-
tin   (Schaefer et al.  1987 ; Duff et al.  1988 ; Solano  2014 ; Chatterjee et al.  2015 ). 

 There are several other kinds of pigments such as  pterins  ,  ommochromes  ,  antra-
quinones  ,  aphins   (polycyclic quinones),  tertapyrroles  ,  carotenoids   and  fl avonoids/
anthocyanins   present in insect tissues, many of which have been described in earlier 
reviews (Cromartie  1959 ; Fuzeau-Braesch  1972 ; Takeuchi et al.  2005 ; Shamim 
et al.  2014 ).  Ommochromes  , for example, are one of the major pigments that have 
been found in eyes, eggs and body walls of insects. In  ommochrome   biosynthesis, 
tryptophan is converted to  3-hydroxykynurenine  , which is then incorporated into 
pigment granules by  ABC transporters   (Tearle et al.  1989 ; Pepling and Mount 
 1990 ). In addition, another transporter, which is a member of a major facilitator 
superfamily, incorporates other precursor(s) into granules (Osanai- Futahashi et al. 
 2012b ) where the pigments are synthesized via oxidative polymerization. Aphines 
synthesized from a presumed polyketide precursor have only been found in aphids 
and contribute to a variety of body colors during development and/or different spe-
cies. Tsuchida et al. ( 2010 ) demonstrated that infection with an aphid endosymbiont 
of the genus   Rickettsiella    increases the amounts of blue-green aphins in the pea 
aphid,   Acyrthosiphon pisum   , resulting in a change in their body color from reddish 
to greenish. This body color change caused by endosymbiosis is likely to infl uence 
prey-predator/parasite interactions and natural populations of the aphid.  Pterins   
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synthesized from guanosine triphosphate are also widely distributed in eyes, bodies 
and wings of insects. In addition,  tetrahydrobiopterin (BH 4 )   serves as a cofactor for 
enzymes such as phenylalanine hydroxylase and  tyrosine hydroxylase (TH)   in tyro-
sine metabolism-associated cuticle pigmentation and  sclerotization   (Futahashi et al. 
 2010 ). For example,  6-pyruvoyl-tetrahydropterin synthase (PTS, Purple)   is involved 
in the  BH 4    biosynthesis, and a mutation in  BmPTS  gene is responsible for colorless 
cuticle of the albino ( al ) mutant of the silkworm,   Bombyx mori    (Fujii et al.  2013 ). 

 Insects and mammals possess fi ne-tuned systems of enzymes to meet their 
specifi c demands for tyrosine metabolites. In addition, more closely related enzymes 
involved in tyrosine metabolism appear to have emerged in many insect species 
(Vavricka et al.  2014 ). The metabolism of tyrosine plays a major role in not only the 
darkening of insect cuticle but also in its hardening or sclerotization as well as in 
innate immune responses to microbial pathogens. Coloration can vary from colorless 
to yellow to tan to orange to brown to black depending on the amounts and types of 
melanin-like pigments incorporated. The degree of sclerotization can vary from soft 
and fl exible to hard and stiff, much of which is determined by the number of chitin- 
protein laminae and also the number of structural proteins’ cross-links derived from 
tyrosine metabolism (Yang et al.  2014 ). The chemistry underlying insect 
pigmentation is rather complex. However, substantial progress has been made in 
recent years in understanding how tyrosine metabolism contributes to that process 
(Sugumaran  2009 ; Shamim et al.  2014 ).

    CPs   and  chitin   are the major components of the  exo  - and  endocuticular layers   
that comprise the  procuticle  . The former layer is generally formed before molting, 
whereas the latter is mainly deposited after completion of the molting process. 
Transmission electron microscopic (TEM)    analysis, for example, revealed that the 
embryonic cuticle of the fruit fl y,   Drosophila melanogaster   , as well as dorsal larval 
body wall cuticle from the red fl our beetle,   Tribolium castaneum   , are composed of 
an  envelope  ,  epicuticle   and  procuticle  , the latter consisting of various numbers of 
horizontally oriented chitin-protein laminae parallel to the epidermal cell’s apical 
plasma membrane (Fig.  6.1a ; Moussian et al.  2006 ; Moussian  2010 ). These 
morphologically distinct layers are also evident in cuticle of elytra (modifi ed 
forewings; Chen et al.  2015a ,  b ) dissected from  T.    castaneum    pharate adults, which 
become harder and darker shortly after eclosion. In the case of elytral dorsal cuticle, 
unlike the relatively soft and fl exible elytral ventral and larval dorsal body wall 
cuticles, there are numerous vertically oriented columnar structures denoted as  pore 
canal fi bers   (PCFs), which extend directly from the “ apical plasma membrane 
protrusions” (APMP)   of the underlying epidermal cells and penetrate a large number 
of horizontal laminae, reaching all the way to the  epicuticle   (Fig.  6.1b ; Noh et al. 
 2014 ). Not only the horizontal laminae but also the vertical  PCFs   are likely 
composed of  chitin   as those structures bind to  wheat germ agglutinin   (Noh et al. 
 2015b ). In  T.    castaneum    adults, other regions with rigid cuticle such as the thoracic 
body wall and leg exhibit an ultrastructure very similar to that of the  elytron  ’s dorsal 
cuticle. On the other hand, there are fewer horizontal laminae and no vertical pore 
canals with  PCFs   in anatomical regions covered with soft, fl exible and less 
pigmented cuticles such as those found on the dorsal abdomen, ventral  elytron   and 
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hindwing (Noh et al.  2014 ). Similar vertical fi brillar structures or vertical fi brils 
have been observed not only in other insect species (Locke  1961 ; Delachambre 
 1971 ; Wigglesworth  1985 ) but also in the  exoskeletons   of crustaceans after removal 
of minerals and some proteins, including   Homarus americanus    (American lobster), 
  Callinectes sapidus    (Atlantic blue crab) and   Tylos europaeus    (sand-burrowing 
isopod) (see Chap.   5     in this book for details about exoskeletons of crustaceans; 
Raabe et al.  2006 ; Cheng et al.  2008 ; Seidl et al.  2011 ), suggesting that this unique 
architecture and arrangement of numerous laminae and  PCFs   contribute to the 
physical strength of rigid cuticle in arthropods. Pigments are found in cuticle and 
epidermis and little or no information is available as to whether they contribute to 
the mechanical properties of the  exoskeleton  .  

6.1.2     Proposed Tyrosine-Mediated Cuticle Tanning Pathway 

  Despite a rather limited composition, cuticle has remarkably diverse mechanical 
properties, ranging from soft and fl exible to hard and rigid. An insect must periodi-
cally replace its old cuticle with a new one by undergoing ecdysis because the 
mature cuticle is too restrictive to allow for continuous growth during development. 
Immediately after molting, the cuticle is soft and pale, but it shortly becomes 

  Fig. 6.1    Ultrastructure of larval (a) and adult body wall (b) cuticles in  T. castaneum . Both larval 
and adult body cuticles are composed of distinct layers including the envelope, epicuticle and 
procuticle. The procuticle consists of a number of horizontal chitinous laminae in larval and adult 
body wall cuticles. In addition, there are numerous pore canals running transverse to the laminae, 
as well as to the apical plasma membrane. The canals extend from the apical plasma membrane to 
the epicuticle region and contain a core of pore canal fi bers in adult body cuticle. Ultrastructure of 
adult body wall is similar to those of elytra and leg cuticles in  T. castaneum , which are relatively 
hard cuticles (Noh et al.  2014 ).  EV  envelope,  EP  epicuticle,  PRO  procuticle,  PC  pore canal,  PCF  
pore canal fi ber,  APMP  apical plasma membrane protrusion. Scale bar = 2 μm       
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hardened (sclerotized) and often darker (pigmented) over a period of several hours 
or days. This vital process together with dehydration occurs during each stage of 
development (Kramer et al.  2001 ; Andersen  2005 ; Arakane et al.  2008 ; Lomakin 
et al.  2011 ). 

  Tanning   (pigmentation and sclerotization) is a complex and important physio-
logical event not only in cuticle formation (Andersen  2010 ) but also in wound heal-
ing,  encapsulation   during a defensive response to infection of parasites, and 
hardening of the egg  chorion   (see Chap.   9     in this book for details about  chorion   
hardening; Li  1994 ; Sugumaran  2002 ). With tyrosine as the initial substrate, the 
cuticle tanning reactions include hydroxylation of tyrosine to  dihydroxyphenylalanine 
(DOPA)   and decarboxylation of  DOPA   to dopamine. For melanization, furthermore, 
oxidation of  DOPA   and dopamine to DOPA-quinone and dopaminequinone, 
conversion of these quinones to  dihydroxyindole (DHI)   and/or  5,6-dihydroxyindole- 
2-carboxylic acid (DHICA)  , oxidation of  DHI   and  DHICA   to DHI-chrome and 
DHICA-chrome (melanochromes) and fi nally polymerization of melanochromes to 
form  melanins   (Fig.  6.2 ; Arakane et al.  2009 ; Simon et al.  2009 ). For pigmentation 
involving acylated quinones, the reactions include  N -acetylation of dopamine to 
  N -acetyldopamine (NADA)   or  N -β-alanylation to   N -β-alanyldopamine (NBAD)  , 
oxidation of  NADA   and  NBAD   to NADA-quinone and NBAD-quinone and their 
polymerization to form their corresponding pigments. These quinones, in addition, 
undergo isomerization to quinone methides and cross-linking reactions with  CP   
side chains (most likely histidyl residues) for cuticle sclerotization (Fig.  6.2 ; Kramer 
et al.  2001 ).

   Recent studies have indicated that the following enzymes are involved in the 
catalysis of cuticle tanning reactions: tyrosine hydroxylase ( TH  ; Pale) converts 
tyrosine to  DOPA  ;  DOPA decarboxylase (DDC)   converts  DOPA   to dopamine; 
dopachrome conversion enzyme (DCE, Yellow)    accelerates the conversion of 
dopachrome to  DHI  ;  arylalkylamine  N -acetyltransferase (NAT)   converts dopamine 
to  NADA  ;  aspartate 1-decarboxylase (ADC)   decarboxylates L-aspartic acid to 
 β-alanine   for production of  NBAD  ;  NBAD synthase (Ebony)   produces  NBAD   and 
laccase 2 catalyzes the catecholic oxidation reactions in the tanning pathway (Table 
 6.1  and see Sect.  6.2  for details).

6.2           Functions of Key Enzymes/Proteins Involved in Tyrosine-
Mediated Cuticle Tanning 

6.2.1     Tyrosine Hydroxylase (TH) 

  The fi rst step in the cuticle tanning pathway is the hydroxylation of tyrosine to 
produce  DOPA   (Fig.  6.2 ). There are two enzymes that can catalyze this hydroxylation 
reaction, tyrosinase (phenoloxidase, PO) and  tyrosine hydroxylase (TH)  . Although 
the former enzyme has been detected in insect cuticles and is multifunctional, 
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oxidizing  ortho -diphenols as well as hydroxylating monophenols such as tyrosine 
(Andersen  2005 ; Arakane et al.  2005 ; Kanost and Gorman  2008 ), it likely plays 
only a role in immune-related melanization and not in cuticle tanning as suggested 
by several studies (Barrett  1991 ; Marmaras et al.  1996 ; Ashida and Brey  1997 ; 
Asano and Ashida  2001 ; Christensen et al.  2005 ; Kanost and Gorman  2008 ). In line 
with this notion, double-stranded RNA (dsRNA)-mediated loss of function of 
tyrosinase in  T.    castaneum   , for instance, had no effect on larval, pupal and adult 
cuticle tanning (Arakane et al.  2005 ). 

 Like mammalian TH, insect TH is a  pterin   (BH 4 )-dependent oxygenase (Liu 
et al.  2010 ; Fujii et al.  2013 ) that catalyzes hydroxylation of tyrosine as a homotet-
ramer. Its activity is regulated by phosphorylation of a serine residue catalyzed by a 
cAMP-dependent protein kinase (Vie et al.  1999 ). In  D.    melanogaster   , there are two 
alternatively spliced isoforms of  DmTH  ( pale ): the longer is expressed in the epider-
mis and the shorter, which lacks a highly acidic region in the N-terminus, specifi -
cally is expressed in the central nervous  system   (Birman et al.  1994 ; Friggi- Grelin 

  Fig. 6.2    Proposed cuticle tanning pathway in  T. castaneum . DOPA, 3,4-dihydroxyphenylalanine; 
dopamine, 3,4-dihydroxyphenethylamine; NADA,  N -acetyldopamine; NBAD,  N -β- 
alanyldopamine; TH, tyrosine hydroxylase; DDC, DOPA decarboxylase; NAT,  N -acetyltransferase; 
NBAD synthase (Ebony),  N -β-alanyldopamine synthase; ADC, aspartate 1-decarboxylase; 
NBADH (Tan),  N -β-alanyldopamine hydrolase; Lac2, laccase 2; DCE (Yellow), dopachrome 
conversion enzyme; CP, cuticle proteins. The  broken  and  solid lines  represent melanin synthesis 
and quinone tanning pathways, respectively. Key enzymes are indicated in red letters and body 
color changes are shown after RNAi for  TcTH  ( a ),  TcDDC  ( b ),  TcLac2  ( c ),  TcADC  ( d ),  Tcebony  
( e ),  TcNAT  ( f ),  TcY-y  ( g ) and  TcY-e  ( h )       
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et al.  2003 ). Similarly, long epidermal and short brain/neural isoforms of the  TH  
transcript were identifi ed in the oriental armyworm,   Pseudaletia separata    (Ninomiya 
and Hayakawa  2007 ). 

 Several studies have implicated a functional importance of TH in insect cuticle 
pigmentation. Mutation in the  DmTH  gene ( pale ) results in lethal unpigmented 
embryos that fail to develop into larvae, resulting in no hatching from eggs (Budnik 
and White  1987 ; Neckameyer and White  1993 ). Because TH is also important in the 
nervous system, it is possible that the embryos die before becoming fully developed 
because of the lack of DmTH function in this system. This embryonic lethality was 
rescued by expression of the epidermal form of DmTH (Friggi-Grelin et al.  2003 ). 
True et al. ( 1999 ) demonstrated by using mosaic analysis that the lack of DmTH 
function resulted in an adult albino cuticle phenotype, and ectopic DmTH expression 
caused ectopic cuticle pigmentation. In lepidopteran species such as the Asian 
swallowtail,   Papilio xuthus    and  P .   separata   ,  TH  mRNA and/or protein were detected 
in the epidermal cells underlying the darkly marked larval cuticle (Futahashi and 
Fujiwara  2005 ; Ninomiya and Hayakawa  2007 ). In the tobacco hornworm,   Manduca 
sexta   , the amount of TH protein in the integument of pharate pupal segments is 
correlated with the degree of cuticle pigmentation (Gorman et al.  2007 ). Treatment 
with a TH inhibitor such as 3-iodotyrosine inhibited pigment formation in  P.    xuthus    
larvae and  B.    mori    adults (Futahashi and Fujiwara  2005 ; Lee et al.  2015 ) and also 
rescued black pupae produced by overexpressed  TH  and  DDC  genes in a pupal 
melanic mutation strain of the beet armyworm,   Spodoptera exigua    (Liu et al.  2015 ). 
In addition, RNAi for  BmTH  caused a delay in pupal cuticle pigmentation of  B.    mori    
(Lee et al.  2015 ), and a reduction of  BmTH  transcripts was responsible for the sex- 
linked chocolate ( sch ) mutant, which exhibits a light reddish-brown neonatal larval 
body color compared with the black color of that of the wild-type strain (Liu et al. 
 2010 ). There is differential regulation of TH during cuticular melanization and 
innate immunity in  B.    mori    (Lee et al.  2015 ). BmTH is expressed in the epidermis 
during development for the purpose of pupal cuticle melanization and pigmentation 
in adults, and in the fat body during infection for antimicrobial activity. In the large 
milkweed bug,   Oncopeltus fasciatus   , RNAi for the  OfTH  gene resulted in a complete 
absence of black pigmentation in adult cuticles on the head, thorax, abdomen and 
wings (Liu et al.  2014 ). Similarly, in  T.    castaneum   , injection of dsRNA for  TcTH  
diminished the brown pigmentation in the pupal cuticle of the abdominal segments, 
urogomphi, bristles and gin traps as well as in the adult cuticle of the mandibles and 
legs, which was visible underneath the pupal cuticle, and also the dark pigmentation 
observed in the hindwings. The cuticle of phypomorphic ds TcTH -treated adults is 
pale (Fig.  6.2a ; Gorman and Arakane  2010 ). Furthermore, the cuticles of both hard 
and dark dorsal thorax and hard and colorless eye of ds TcTH -treated adults are soft 
and fl exible, indicating that TH is required for not only cuticle pigmentation but also 
for sclerotization in some species .  
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6.2.2     Dopa Decarboxylase (DDC) 

  Dopamine is a catecholamine involved in nervous systems of mammals and insects 
as a neurotransmitter, neuromodulator and neurohormone (Nassel  1996 ; Osborne 
 1996 ; Neckameyer and Leal  2002 ; Han et al.  2010 ). In insects, dopamine is also 
important for egg-shell hardening and the immune response as well as cuticle 
melanization (Hopkins et al.  1984 ; Nappi et al.  1992 ; Huang et al.  2005 ; Davis et al. 
 2008 ; Paskewitz and Andreev  2008 ; Sideri et al.  2008 ). In the cuticle tanning 
pathway,  DOPA decarboxylase (DDC)  , which is a pyridoxal-5-phosphate (PLP)-
dependent enzyme, catalyzes the decarboxylation of  DOPA   to yield dopamine, a 
major precursor in  melanin  /pigment production and sclerotization mediated by 
protein cross-linking (Hopkins et al.  1984 ; Hiruma et al.  1985 ; Kramer and Hopkins 
 1987 ; Andersen  2005 ; Hopkins and Kramer  1992 ; Riddiford et al.  2003 ). 

 The functional importance of DDC in cuticle coloration has been well studied in 
several lepidopteran species, which exhibit a high degree of variation in pigmentation. 
Like the   TH    gene,  DDC  is highly expressed in epidermal cells underlying the 
presumptive black markings (e.g. eyespots, V-shaped and band-markings) of larval 
cuticles of different swallowtail butterfl ies including  P.    xuthus   , the common yellow 
swallowtail,   Papilio machaon    and the common Mormon,   Papilio polytes    (Shirataki 
et al.  2010 ). Furthermore, chemical inhibitors of DDC such as 
  m -hydroxybenzylhydrazine (HBHZ)   completely inhibited pigment formation of  P.  
  xuthus    (Futahashi and Fujiwara  2005 ). In the eastern tiger swallowtail,   Papilio 
glanucus   ,  DDC  expression and enzyme activity regulate the color pattern of the 
adult wings (Koch et al.  1998 ).  DDC  mRNA and activity are detected early in the 
presumptive yellow regions of the wings and later in the presumptive black patterns. 
In the melanic female of this species, early DDC activity in the central yellow region 
of the wing is much lower than that of wild-type females, which is later melanized 
concomitant with increased DDC activity. Ninomiya et al. ( 2006 ) demonstrated that 
DDC expression is required for the black strips in the dorsal cuticle of last instar 
larvae of  P.    separata   .  DDC  mRNA and protein are detected in the epidermal cells 
underneath the black stripe, but not below the white stripe.  HBHZ   treatment caused 
the complete loss of DDC activity, a low level of dopamine, an abnormally high 
level of  DOPA   and diminished black pigmentation of the strips in the larval cuticle, 
indicating that DDC activity and its product dopamine are critical for  melanin   
deposition in the black strips. 

  In D.    melanogaster   , the  DmDDC  gene has two alternatively spliced transcripts, 
of which one is expressed in the epidermis and the other in the central nervous 
 system   (Hodgetts and O’Keefe  2006 ). Tissue-specifi c expression of alternatively 
spliced DDC isoforms has not been reported in other species. The crystal structure 
and site-directed mutagenesis analysis of DmDDC indicate that T82 is involved in 
substrate binding and H192 is essential for both a substrate interaction and cofactor 
binding (Han et al.  2010 ). These amino acid residues are highly conserved among 
insect DDCs. Like that observed for DmTH, patches of epithelial cells defi cient in 
DmDDC activity produce albino adult bristles and cuticle (True et al.  1999 ). 
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Similarly, loss of function of  DDC  by RNAi causes a reduction in black pigmentation 
of  O.    fasciatus    adult cuticle (Liu et al.  2014 ). In  T.    castaneum   , the level of  DOPA   
increases approximately 5-fold in ds TcDDC -treated pharate adults (Arakane et al. 
 2009 ). However, the initial cuticle pigmentation of the resulting adults is substantially 
delayed, suggesting that, unlike dopamine,  DOPA   does not appear to be utilized to 
a great extent for  DOPA   quinone-associated  melanin   synthesis, probably because 
 DOPA   is a poor substrate for laccase 2 (Arakane et al.  2009 ). The body color of the 
TcDDC-defi cient mature adults is slightly darker than that of control animals (Fig. 
 6.2b ). This phenotype may be due to a small amount of DOPA-melanin accumulation 
relative to  NBAD  - and/or NADA-derived pigments in the adult cuticle. All of these 
results indicate that DDC activity is required for providing dopamine as a major 
precursor for  melanin   synthesis and also quinone-based tanning in insect cuticle .  

6.2.3      Aspartate 1-Decarboxylase (ADC) 

   β-Alanine   is involved in critical physiological events in insects. In cuticle tanning, 
it is conjugated with dopamine via the action of NBAD  synthase   ( ebony ; see Sect. 
 6.2.5 ) to produce  NBAD  , which is one of the major  catechols   serving as a cuticle 
tanning precursor (Hopkins et al.  1984 ; Kramer et al.  1984 ; Andersen  2007 ,  2010 ). 
 β-Alanine   is produced by decarboxylation of the α-COOH of aspartic acid, and 
 aspartate 1-decarboxylase (ADC)   catalyzes this reaction. Like  DDC  , ADC is a 
member of the pyridoxal 5-phosphate-dependent amino acid decarboxylase family, 
in which all members possess a conserved decarboxylase domain containing a 
pyridoxal phosphate-binding domain motif (Ser-X-X-Lys). Phylogenetic analysis 
revealed that ADCs are closely related with glutamate decarboxylases (GDCs) and 
distantly related with other decarboxylase family members including histidine, 
tyrosine and  DOPA   decarboxylases (Fig.  6.3 ; Arakane et al.  2009 ). Although ADCs 
and GDCs show a high overall amino acid sequence identity/similarity, they exhibit 
a rather rigorous substrate specifi city probably due to small differences in the 
enzymes’ active sites. Richardson et al. ( 2010 ) demonstrated that the recombinant 
ADC protein from the yellow fever mosquito,   Aedes aegypti   , produces  β-alanine   by 
decarboxylation of aspartic acid, but it is inactive toward glutamic acid. On the 
other hand, the recombinant GDC from the malaria mosquito,   Anopheles gambiae   , 
decarboxylates glutamic acid to produce γ-amino butyric acid but exhibits no 
activity toward aspartic acid. In addition, that research group identifi ed Q377 to be 
located in the active site of  Ae.    aegypti    ADC, which is a highly conserved amino 
acid residue among other insect ADCs and appears to be critical for selectivity of 
aspartic acid as the substrate (Liu et al.  2012 ) (Table  6.2 ).

    In  D.    melanogaster   , the  black  gene encoding ADC (DGAD2) is responsible for 
black/dark body color phenotype (Phillips et al.  1993 ,  2005 ). The  black  mutant had 
a defi ciency of  β-alanine   (Hodgetts and Choi  1974 ) probably due to a signifi cant 
decrease in ADC activity (Phillips et al.  2005 ). Similarly, black body color mutant 
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  Fig. 6.3    Phylogenetic analysis of amino acid decarboxylases in insects. The amino acid sequences 
of DOPA decarboxylases (DDC), histidine decarboxylases (HDC), tyrosine decarboxylases 
(TDC), aspartate 1-decarboxylases (ADC) and glutamate decarboxylases (GDC) were obtained 
from GenBank. The phylogenetic tree was constructed with MEGA 6.06 software using the 
Neighbor-Joining method (Tamura et al.  2013 ). Numbers by each branch indicate results of 
bootstrap analysis of 5000 replications. See Table  6.2  for the accession numbers of protein 
sequences used in this analysis       
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    Table 6.2    Accession numbers of insect decarboxylases used for phylogenetic analysis   

 Decarboxylase  Abbreviation  Species  Accession number 

  Dopa decarboxylase 
(DDC)   

 PmDDC    Papilio machaon     BAJ07588 
 PxDDC    Papilio xuthus     NP_001299156 
 BmDDC    Bombyx mori     NP_001037174 
 SeDDC   Spdoptera    exigua     AFG25780 
 MbDDC   Mamestra brassicae   BAB68545 
 PsDDC    Pseudaletia separata     BAB68549 
 TcDDC    Tribolium castaneum     ABU25222 
 TmDDC   Tenebrio molitor   BAA95568 
 DmDDC    Drosophila melanogaster     NP_724164 
 AaDDC    Aedes aegypti     AAC31639 
 AsDDC   Anopheles sinensis   KFB39134 
 AgDDC    Anopheles gambiae     XP_319841 

 Histidine decarboxylase 
(HDC) 

 BmHDC    Bombyx mori     XP_012551888 
 TcHDC    Tribolium castaneum     XP_975682 
 CqHDC   Culex quinquefasciatus   EDS34715 
 AgHDC    Anopheles gambiae     EAA14857 
 DmHDC    Drosophila melanogaster     CAA49989 
 NvHDC    Nasonia vitripennis     XP_008202389 
 AmHDC   Apis melifera   XP_392129 
 BiHDC   Bombus impatiens   XP_012245143 

 Tyrosine decarboxylase 
(TDC) 

 DmTDC    Drosophila melanogaster     AAM70810 
 TcTDC    Tribolium castaneum     EFA10808 

  Aspartate 1-decarboxylase 
(ADC)   

 ObADC   Operophtera brumata   KOB74239 
 BbADC   Biston betularia   AEP43793 
 BaADC   Bicyclus anynana   AEQ77286 
 DpADC   Danaus plexippus   EHJ66406 
 TcADC    Tribolium castaneum     ABU25221 
 AaADC    Aedes aegypti     EAT40747 
 DmADC    Drosophila melanogaster     NP_476788 
 BmADC    Bombyx mori     AJQ30182 

 Glutamate decarboxylase 
(GDC) 

 BmGDC    Bombyx mori     XP_004925034 
 PxGDC    Papilio xuthus     KPI96691 
 AmGDC   Apis melifera   XP_391979 
 BtGDC   Bombus terrestris   XP_012170748 
 TcGDC    Tribolium castaneum     EFA06442 
 DmGDC    Drosophila melanogaster     CAA53791 
 BdGDC   Bactrocera dorsalis   XP_011201397 
 MdGDC    Musca domestica     XP_011296520 
 AgGDC    Anopheles gambiae     EAA11955 
 AaGDC    Aedes aegypti     EAT35903 
 CqGDC   Culex quinquefasciatus   EDS27073 
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strains of  T.    castaneum    exhibit decreased concentrations of both  β-alanine   and 
 NBAD   as well as a higher level of dopamine when compared with those of wild- 
type beetles (Kramer et al.  1984 ). RNAi for  TcADC  resulted in a dark pigmented 
body color (Fig.  6.2d ) and a signifi cantly lower  NBAD   content compared to control 
animals like that seen in the  T. castaneum black  mutant strains (Arakane et al.  2009 ). 
Injection of  β-alanine  , the expected product of the reaction catalyzed by ADC, into 
the  black  mutant strains and ds TcADC -treated animals rescued the black body color 
phenotypes and restored the normal reddish-brown cuticle coloration (Kramer et al. 
 1984 ; Arakane et al.  2009 ). In addition, the  black  mutation affected the puncture 
resistance of the cuticle by delaying sclerotization (Roseland et al.  1987 ). 
Furthermore, dynamic mechanical analysis indicated less cross-linked cuticles from 
the black body color mutant and ds TcADC -treated animals (Arakane et al.  2009 ). 
These results suggested that the  black  mutants of  T.    castaneum   , like the  D.  
  melanogaster     black  mutant, have a mutation(s) that causes loss of function of ADC, 
resulting in a depletion of  β-alanine   used for NBAD  synthesis  . Solid-state  13 C-nuclear 
magnetic resonance difference spectroscopy was used to determine the presence of 
 melanin   in the  black  mutant of  T.    castaneum    (Kramer et al.  1989 ,  1995 ). It was 
estimated that 1–2 % of the organic components in the cuticle of the  black  mutant 
are attributable to eumelanin. The high levels of dopamine relative to the 
corresponding levels in the wild-type strain led to an increased production of 
eumelanin when the excess dopamine was oxidized in the  black  mutant (Kramer 
et al.  1984 ; Roseland et al.  1987 ). 

 Recently, Dai et al. ( 2015 ) reported that a mutation of the  ADC  gene ( BmADC ) 
is responsible for the black pupal ( bp ) mutant phenotype of  B.    mori   , which exhibits 
melanization specifi cally in the pupal stage. In the  bp  mutant, like that seen in the 
 black  mutants of  T.    castaneum   , there were depleted levels of  BmADC  transcripts, 
 β-alanine   and  NBAD   as well as accumulation of dopamine. Injection of  β-alanine   
into the  bp  mutant reverted the dark color pattern to the wild-type pattern. RNAi for 
 BmADC  in the wild-type strain, furthermore, led to a melanic pupal phenotype 
similar to the  bp  mutant. All of these results indicated that ADC plays a role in 
cuticle pigmentation and sclerotization. Loss of function of ADC results in a 
depletion of  β-alanine   used for NBAD  synthesis   resulting in the accumulation of 
abnormally high levels of dopamine, which are then used for dopamine  melanin   
production during tanning at the expense of  NBAD   quinone-mediated cuticle 
protein cross-linking and pigmentation .  

6.2.4     Arylalkylamine N-Acetyltransferase (AANAT) 

   Arylalkylamine  N -acetyltransferases   (AANATs) belong to a large Gcn5-related 
acetyltransferase (GNAT) superfamily, which catalyze the transacylation between 
acetyl-CoA and arylalkylamines (Dyda et al.  2000 ; Vetting et al.  2005 ). AANAT has 
been extensively studied as a key enzyme for pineal hormone  melatonin   synthesis, 
which regulates  circadian rhythms   in mammals (Arendt et al.  1995 ; Evans  1989 ; 
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Klein  2007 ). AANAT activity is rate-limiting and it acetylates  serotonin   to form 
 N -acetylserotonin in the vertebrate pineal organ, which is then methylated by 
hydroxyindole- o -methyltransferase to  melatonin  . 

 In contrast to mammals, the availability of whole genome sequences from several 
insect species has revealed that there is a large number of genes encoding AANAT 
or AANAT-like proteins in their genomes (Mehere et al.  2011 ; Han et al.  2012 ; 
Barbera et al.  2013 ; Hiragaki et al.  2015 ), suggesting a functional diversity of 
AANATs in insects. For example,  melatonin   has also been detected in insects such 
as  D.    melanogaster   ,  B.    mori   ,  A.    pisum   , the migratory locust,   Locusta migratoria   , 
and the American cockroach,   Periplaneta americana    (Vivien-Roels et al.  1984 ; 
Finocchiaro et al.  1988 ; Hintermann et al.  1995 ; Itoh et al.  1995a ,  b ; Hardie and Gao 
 1997 ). AANAT activity in  melatonin   synthesis was correlated with a circadian 
 rhythm   and seasonal photoperiodism (Itoh et al.  1995b ; Bembenek et al.  2005 ; 
Vieira et al.  2005 ; Barbera et al.  2013 ). In mammals, several neurotransmitter 
arylalkylamines (e.g. octopamine, dopamine and  serotonin  ) are inactivated by 
monoamine oxidase (MAO), whereas AANATs appear to metabolize arylalkylamines 
in insects because there is little or no MAO activity in their nervous tissues (Smith 
 1990 ; Amherd et al.  2000 ; Sloley  2004 ). 

 In insect cuticle tanning, AANAT apparently  N -acetylates dopamine to form 
 NADA  , which is one of major precursors for quinone-mediated pigmentation and 
sclerotization (Fig.  6.2 ; Andersen  1974 ,  2005 ,  2010 ; Hopkins and Kramer  1992 ). 
Although the properties of insect AANATs including pH-activity profi le, substrate 
specifi city, kinetic parameters and site-direct mutagenesis to identify residues that 
participate in its catalysis have been studied (Hintermann et al.  1996 ; Brodbeck 
et al.  1998 ; Mehere et al.  2011 ; Han et al.  2012 ; Dempsey et al.  2014 ), information 
about the functional importance of AANATs in cuticle tanning is rather limited. In 
 B.    mori   , the  melanism  ( mln ) mutant, in which the  AANAT  ( Bm-iAANAT ) gene is 
disrupted, shows a darker body pigmentation in the head, thoracic legs, spiracle, 
claw hook of prolegs and anal plate of larvae as well as in the entire body of adults 
(Dai et al.  2010 ; Zhan et al.  2010 ). Confi rmation that a mutation of the  Bm-iAANAT  
was responsible for a dark color integument in the  mln  mutant was obtained by an 
RNAi experiment. Injection of dsRNA for  Bm-iAANAT  into wild-type pupae resulted 
in the adults exhibiting a darker body pigmentation similar to that of the  mln  mutant 
(Zhan et al.  2010 ). In contrast, ectopic expression of  Bm-iAANAT  altered the dark/
black coloration of neonatal larvae and adult antennae as well as larval tracheae of 
 B.    mori    to light brown (Osanai-Futahashi et al.  2012a ). This coloration change was 
also evident in the  B.    mori    black striped strain  striped , which has a wide black stripe 
in each segment. The black stripes became light grey in  Bm-iAANAT - overexpressing 
lines. All of these results support the hypothesis that  N -acetylation of dopamine 
decreases the availability of dopamine for dopamine-melanin production. 

 The dopamine content in the dark pigmented tissues (e.g. head, thoracic legs and 
anal plate) from the  mln  mutant of  B.    mori    was two times higher than that from the 
wild-type strain (Dai et al.  2010 ). More recently, the same research group reported 
additional information about the catecholamine content in the  mln  mutant (Qiao 
et al.  2012 ). In the head of the larvae, dopamine and  NBAD   levels were higher than 
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those of the wild-type. In the whole body of adults, dopamine content was approxi-
mately six times greater than in the wild-type, while  NBAD   content was nearly the 
same in the two strains. This may be due to signifi cantly lower levels of   ADC    and 
  NBAD synthase  ( ebony )   present in the adult  mln  mutant. Little or no  NADA   was 
evident in both larval and adult tissues. These results suggest that a loss of function 
of  Bm-iAANAT  results in excess dopamine (and  NBAD   in larvae), which likely 
undergoes dopamine-melanin synthesis (and NBAD-pigment synthesis in larvae) in 
the  B. mori mln  mutant. Dynamic mechanical analysis revealed that elytra with 
abnormally high dopamine collected from the TcADC-defi cient adult  T.    castaneum    
(ds TcADC  knockdown and the  black  mutants) exhibited a higher elastic modulus, 
suggesting a less effectively cross-linked cuticle than that of control insects (Arakane 
et al.  2009 ; Lomakin et al.  2010 ,  2011 ). In contrast, the wings of the  mln  mutant 
showed a higher modulus, indicating that the  mln  wings are stiffer than those of the 
wild-type strain, probably because the  CPs   are abnormally cross-linked. 

 Similarly, in adult  T.    castaneum   , depletion of TcAANAT1 function by RNAi 
resulted in dark pigmentation of the entire body including pronotum, ventral 
abdomen,  elytron   and veins of the hindwing (Tomoyasu et al.  2009 ). In addition, 
dark pigments surrounding the bristles located on the inter-veins of the  elytron   were 
evident (Fig.  6.2f ). The  elytron   is a highly modifi ed and sclerotized forewing of 
beetles. There are a large number of pillar-like support structures called “ trabeculae  ”, 
which are located between the dorsal and ventral cuticles and contribute to the 
mechanical strength of the  elytron   (Ni et al.  2001 ; Chen and Wu  2013 ; Chen et al. 
 2015b ; He et al.  2015 ; van de Kamp et al.  2015 ). The dark pigments in the elytra of 
ds TcAANAT -treated adults appear to be due to those pigmented  trabeculae   
(unpublished observation), suggesting that NADA-mediated pigmentation and/or 
sclerotization is required for development of the trabeculae    .  

6.2.5      NBAD Synthase (Ebony) 

  The gene for Ebony encodes an enzyme catalyzing the synthesis of  NBAD   by conju-
gation of dopamine and  β-alanine  . The  ebony  mutant of  D.    melanogaster    had already 
been described for its characteristic dark cuticle as early as 1923 (Bridges and 
Morgan  1923 ). Mutants in the  ebony  locus also show phenotypes of altered locomo-
tion rhythm, vision or courtship behavior (Hotta and Benzer  1969 ; Kyriacou et al. 
 1978 ; Newby and Jackson  1991 ; Suh and Jackson  2007 ). Ebony (NBAD synthase) is 
closely related to  n on- r ibosomal  p eptide  s ynthases (NRPSs). Study of recombinant 
Ebony proteins of  D.    melanogaster    that were expressed in an  E. coli  system revealed 
its biochemical properties (Richardt et al.  2003 ).  D.    melanogaster    Ebony consists of 
879 amino acids, which is divided into three domains, an activation/adenylation 
domain (572 aa), thiolation domain (78 aa) and amine- selecting domain (229 aa) 
(Hovemann et al.  1998 ; Richardt et al.  2003 ; Hartwig et al.  2014 ). The selectivity of 
amines is not very strict, and various biogenic amines, including dopamine, octopa-
mine, histamine and  serotonin  , are β-alanylated (Richardt et al.  2003 ). 
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 NBAD synthase can be defi ned with a more general name, β-alanylbiogenic 
amine synthase. Ebony is a novel type of NRPS-related protein that can be 
distinguished by its ability to rapidly conjugate the activated  β-alanine   and biogenic 
amines. The C-terminal amine selecting domain in Ebony is not homologous to any 
other protein with known domains, indicating a specifi c structural selection of the 
biogenic amine substrates (Hartwig et al.  2014 ).  ebony  is expressed in epithelial 
cells during cuticle sclerotization. In the visual system of  D.    melanogaster   ,  ebony  
expression is localized in neural tissues, exclusively the neuropile and epithelial 
glial cells (Richardt et al.  2002 ,  2003 ). Its expression can be detected also in many 
regions of the brain and ventral nervous system from both larval and adult stages 
(Suh and Jackson  2007 ). In photoreception, it is thought that Ebony is regulating the 
neurotransmitter through the inactivation of histamine by  N- β-alanylation (Richardt 
et al.  2002 ,  2003 ). 

 The involvement of Ebony in cuticle hardening is supported by a tradeoff 
relationship between the amount of  NBAD   and cuticle hardness, as showed in an 
analysis of the German cockroach,   Blattella germanica    (Czapla et al.  1990 ). This 
relationship is also demonstrated in the  black  mutant or   ADC    knockdown of  T.  
  castaneum    such that the decreased amount of  NBAD   correlates with lowered levels 
of cross-links in the elytral cuticle (see Sect.  6.2.3 ; Arakane et al.  2009 ). A 
biochemical characterization of the  ebony  mutant was performed by demonstrating 
the incorporation of isotopically labeled  β-alanine   or dopamine into the pupal case 
or by examining the use of sources for NBAD synthesis, including  β-alanine  , 
dopamine and uracil, during cuticle formation (Jacobs  1968 ; Hodgetts  1972 ; 
Hodgetts and Konopka  1973 ; Hodgetts and Choi  1974 ). In both the  ebony  mutant of 
 D.    melanogaster    and a melanotic body color mutant of the medfl y,  Ceratitis capitata , 
it was postulated that a defective NBAD synthase is responsible for the low level of 
NBAD and conversely high level of dopamine leading to a darker coloration (Wright 
 1987 ; Wappner et al.  1996 ). By using an  in vitro  cell free system of tissue homogenate 
from  C. capitata , the enzyme activities of Ebony were directly characterized. 
Endogenous substrates like dopamine, norepinephrine and L-tyrosine were 
β-alanylated by tissue extracts from wild-type individuals, but the extract from the 
mutant exhibited only negligible levels of β-alanylation of these substrates (Perez 
et al.  2002 ). No  N -β-alanyldopa was synthesized, which is consistent with the 
absence of  N -β-alanyldopa in insect cuticle. It was reported in studies of  Sarcophaga  
species that  N -β-alanyl-tyrosine (Sarcophagine) and a derivative of  N -β-alanyldopa, 
 N -β-alanyl-5- S -glutathionyl-3-4-dihydroxyphenylalanine (5- S -GAD), have 
antibacterial activities (Leem et al.  1996 ; Meylaers et al.  2003 ).  NBAD   itself has an 
antibacterial activity comparable in strength to those of  N -β-alanyldopa and 5- S - 
GAD (Schachter et al.  2007 ). The  NBAD   levels were increased in the hemolymph 
of the mealworm beetle,  Tenebrio molitor , after bacterial challenges (Kim et al. 
 2000 ). Furthermore, NBAD synthase activity was detected in the integument of 
bacteria-injected  T. molitor  larvae (Schachter et al.  2007 ). In  C. capitata , expression 
of  ebony  was induced in epidermal cells in response to bacterial challenges. After a 
bacterial challenge, an allele of the  ebony  mutant ( e   11  ) with a cuticle defi ciency 
(Lindsley and Grell  1968 ) showed susceptibility to  Serratia  infection via oral 
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administration (Flyg and Boman  1988 ). These observations imply a direct involve-
ment of  NBAD   in defense reactions or probably in protection by a mechanically 
strong cuticle that is stabilized by protein cross-links involving  NBAD  . 

 Like other genes involved in pigmentation, insect body color pattern is associ-
ated with the pattern of  ebony  expression.  NBAD   is also important for production 
of  papiliochromes   that are yellowish-reddish-brownish pigments composed of 
 NBAD   and kynurenines in Papilionidae butterfl ies (Umebachi  1990 ). In larvae of  P.  
  xuthus    , ebony  is expressed in the epithelial cells underneath those cuticle regions 
that have a reddish-brown coloration (Futahashi and Fujiwara  2005 ). Expression of 
 ebony  is observed in red and yellow regions of the wings of  P.    polytes    (Nishikawa 
et al.  2013 ). In Drosophilid species, high levels of  ebony  expression are linked to 
low levels of pigmentation in the thoracic trident or abdomen (Wittkopp et al.  2002a , 
 2009 ; Pool and Aquadro  2007 ; Takahashi et al.  2007 ). The same correlation was 
observed with the colors of butterfl y wings (Ferguson et al.  2011b ). In  B.    mori     sooty  
mutants with a dark body color,  ebony  was identifi ed as the responsible gene 
(Futahashi et al.  2008b ). Recently, Ebony was utilized as a visible marker gene for 
genotyping of transgenic insects. Ubiquitous expression of  ebony  via the Gal4/UAS 
system in  B.    mori    caused a light pigmentation in the larval body or adult antennae  
(Osanai-Futahashi et al.  2012a ).  

6.2.6     NBAD Hydrolase (Tan) 

   NBAD hydrolase (Tan)   is a product of the  tan  gene and it shows high sequence 
similarity to fungal isopenicillin  N -acyltransferase (IAT; True et al.  2005 ), which is 
involved in penicillin-G biosynthesis (Queener and Neuss  1982 ; Barredo et al. 
 1989 ). Like IAT, Tan appears to be expressed as a precursor protein that is activated 
by self-processing into two polypeptide subunits at a conserved Gly-Cys motif (e.g. 
Gly 121 -Cys 122  in DmTan; Wagner et al.  2007 ; Aust et al.  2010 ; Perez et al.  2011 ). 
One of the essential roles of Tan activity is the hydrolysis of β-alanylhistamine 
(carcinine) in the visual system (True et al.  2005 ; Wagner et al.  2007 ; Perez et al. 
 2011 ). In  D.    melanogaster   , DmTH is localized in photoreceptor cells where it 
hydrolyzes carcinine to histamine for neurotransmission with the former metabolite 
provided by  NBAD synthase (Ebony)   localized in the surrounding glial cells 
(Richardt et al.  2002 ). 

 In insect epidermal cells, Tan hydrolyzes NBAD to form dopamine and  β - alanine  , 
which is a reverse reaction of NABD  synthesis   catalyzed by Ebony (Fig.  6.2 ; 
Wittkopp et al.  2002a ; Wright  1987 ; True et al.  2005 ). A functional importance of 
 tan  in cuticle pigmentation has been reported for a few insect species including  D.  
  melanogaster   ,  B.    mori    and  P.    xuthus   . Disruption of the  tan  gene by mutation or 
 P -element insertion caused pigmentation defects in thoracic and abdominal cuticles 
in adult  D.    melanogaster    (True et al.  2005 ; Jeong et al.  2008 ), and ectopic expression 
of  tan  rescued the pigmentation phenotypes in the  tan  mutant (True et al.  2005 ). In 
addition, Jeong et al. ( 2008 ) reported that expression of both  tan  and  dopachrome 
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conversion    enzyme    ( yellow , see Sect.  6.2.8 ) genes correlated with a diversity of 
body pigmentation patterns between  D. yakuba  and  D. santomea . In the latter, the 
loss of abdominal pigmentation involves little or no  tan  and  yellow  gene expression. 

 In  P.    xuthus    and  B.    mori   , expression of  tan  along with  laccase 2  (see Sect.  6.2.7 ) 
is strongly correlated with larval black markings/pigments (Futahashi et al.  2010 ). 
For example, the  tan  transcript was clearly detected in the black region of the 
eyespot marking of  P.    xuthus    larvae, but it was absent in the reddish-brown region 
of this marking. In the  B. mori rouge  ( ro ) mutant, the larval black markings are light 
brown. In this mutant, the  tan  cDNA lacks exon 2, resulting in a premature stop 
codon insertion. The predicted Tan protein is missing a large portion including a 
conserved self-processing site, suggesting that  tan  is responsible for the larval body 
color phenotype in the  ro  strain (Futahashi et al.  2010 ). Taken together, these results 
suggest that Tan plays a role in cuticle pigmentation through hydrolysis of  NBAD   
to provide dopamine, which is a major precursor for  melanin   production. Tan may 
also be critical for the cuticle’s mechanical properties because its activity infl uences 
the level of  NBAD  , which serves as a cuticle protein cross-linking agent. Further 
study is required to confi rm this hypothesis .  

6.2.7      Laccase (Lac) 

  Since the fi rst description of  laccase   from the Japanese lacquer tree,   Rhus vemic-
ifera    (Yoshida  1883 ), this enzyme has been extensively studied, and now there is a 
large accumulation of knowledge about its enzymatic properties, gene function and 
structure (Nakamura and Go  2005 ; Sharma et al.  2007 ). Proteins like laccase, ascor-
bate oxidase or the bacterial proteins, CueO or CumA, have a common feature in 
that these proteins are composed of three repeats of cupredoxin domains. They form 
a sub-protein group of three domain multicopper oxidases (3dMCO). In insects, 
laccase is regarded as one of the key enzymes for cuticle sclerotization and pigmen-
tation. The roles of laccase are thought to be dependent on its enzyme activity to 
oxidize  ortho -diphenols to the corresponding quinones. Since the fi rst characteriza-
tion of laccase-like activity in   Drosophila virilis    (Ohnishi  1954 ; Yamazaki  1969 ), 
laccase-like proteins were partially purifi ed from the integument from several insect 
species (Yamazaki  1972 ; Andersen  1978 ; Barrett and Andersen  1981 ; Barrett  1987a , 
 b ; Thomas et al.  1989 ). Until the end of 1980s, the enzymatic properties of these 
proteins were characterized in some detail (Ashida and Yamazaki  1990 ; Barrett 
 1991 ; Dittmer and Kanost  2010 ). In 2004, the fi rst cDNA sequences for laccase-like 
proteins from lepidopteran and dipteran species were reported (Dittmer et al.  2004 ). 
In this study, three genes,  laccase 1  and  laccase 2  from  M.    sexta    ( MsLac1  and 
 MsLac2 ) and  laccase 1  ( AgLac1 ) of  An.    gambiae    were identifi ed. One characteristic 
of the insect laccase-like proteins is a methionine residue at the T1 copper center 
(Met716 of MsLac1, Met728 of MsLac2 and Met948 of AgLac1), whereas in lac-
cases from plants and fungi this residue position has a phenylalanine or leucine. 
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Other characteristics of the insect laccase-like proteins are the N-terminal exten-
sions that include an N-terminal signal peptide and a cysteine-rich region in all three 
of the proteins. By using the effi cient RNAi system of  T.    castaneu m  , loss of function 
phenotypes were analyzed. dsRNA for  laccase 2  ( TcLac2 ) was injected into the 
hemocoel of individuals at various stages. After ecdysis to larva, pupa and adult, the 
new cuticles of the dsRNA-injected individuals were untanned. Also in the adult, a 
severe wing deformation was also observed (Arakane et al.  2005 ). 

 By the early 1990s, three types of phenol-oxidizing enzymes had been found in 
insect cuticle. They were designated as a tyrosinase-type phenoloxidase, laccase- 
type phenoloxidase (or laccase) and granular phenoloxidase. There had been a long 
discussion on the roles and classifi cation of these cuticular enzymes (Ashida and 
Yamazaki  1990 ; Barrett  1991 ). Since they all have activity to oxidize  o -diphenols, 
their involvement in cuticle pigmentation and hardening during development has 
been one of the important areas of investigation in insect cuticle physiology. It was 
shown that tyrosinase-type phenoloxidase is synthesized in the hemocytes, then 
secreted into the hemolymph, and fi nally transported into the cuticle (Ashida and 
Brey  1995 ; Asano and Ashida  2001 ). Granular-PO (GPO)    was originally purifi ed 
from granules in the larval cuticle of  M.    sexta    by using a preparative electrophoretic 
gel in the presence of sodium dodecyl sulfate (see Sect.  6.4 ; Hiruma and Riddiford 
 1988 ). As observed in several other insect species, cuticular  melanin   was developed 
within premelanin granules deposited into the outer  procuticle   (Kayser-Wegmann 
 1976 ; Curtis et al.  1984 ). The  GPO   is thought to be responsible for production of 
 melanin   in such structures, but the gene for the granular enzyme has not been 
identifi ed. To show the involvement of proPOs and laccase-like MCOs in cuticle 
formation during development, the phenotypes resulting from knockdown of these 
genes by RNAi were compared in  T.    castaneum    (Arakane et al.  2005 ). dsRNAs for 
 proPO  genes (both of  TcTyr1  and  TcTyr2 ),  laccase 1  ( TcLac1 ) and  TcLac2  were 
injected. In contrast to the result that knockdown of  TcLac2  induced severe defects 
in pigmentation and abnormal adult shapes, no visible phenotypes were observed 
when  TcTyr1 ,  TcTyr2  and  TcLac1  were knocked down. This result strongly suggests 
that the gene for the tyrosinase-type protein, proPO, is not involved in the process 
of cuticle pigmentation and hardening during development. 

 Since the study of laccase 2 in  T.    castaneum   , the RNAi method has been adopted 
for use in other species from multiple orders to study the involvement of  laccase 2  
genes in cuticle formation (Niu et al.  2008 ; Elias-Neto et al.  2010 ; Futahashi et al. 
 2010 ; Ye et al.  2015 ). In all cases, pigmentation was suppressed. In several cases, 
the cuticle showed an abnormal shape and became mechanically weak (Arakane 
et al.  2005 ; Ye et al.  2015 ). RNAi for  TcLac2  also reduced egg hatching rates at low 
humidity, demonstrating that the enzyme is crucial for sclerotization of the serosal 
cuticle and for embryonic desiccation resistance (Jacobs et al.  2015 ). In the larval 
integument of  B.    mori   , the spatial patterns of  BmLac2  expression exhibit a close 
correlation with those of pigmentation. The genes for substrate synthesis ( TH, DDC, 
tan  and  ebony  in Fig.  6.1 ) are also expressed strongly in the areas of black and 
reddish pigmentation (Futahashi and Fujiwara  2005 ,  2007 ; Futahashi et al.  2010 ). 
In the RNAi study on  TcLac2  from  T.    castaneum    (Arakane et al.  2005 ), the authors 
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also described its characteristic gene structure, indicating the formation of two 
splice variants, A- and B-type TcLac2. The protein products from the two variants 
have the same N-terminal 491 amino acids, but the remaining C-terminal portion is 
encoded by a distinct set of exons. The C-terminal variable region includes copper- 
binding sites that are indispensable for oxygen binding inside the active center. It is 
assumed that the two isoforms have different enzymatic properties for versatility in 
functions. The presence of A-type and B-type isoforms is also found in  An.    gambiae    
(Gorman et al.  2008 ) and at least three variants are found in  D.    melanogaster    
(Flybase,   http://fl ybase.org/    ; Asano et al. in preparation). Although it has not been 
proven experimentally, the gene structure of  BmLac2  implies that the A- and B-types 
can be produced by similar splicing patterns (Yatsu and Asano  2009 ). The expres-
sions of A- and B-type variants were compared by PCR in  T.    castaneum    and  An.  
  gambiae   . In each case, the temporal peak of expression is slightly different between 
the two isoforms (Arakane et al.  2005 ; Gorman et al.  2008 ), indicating that each has 
a unique function related to a specifi c timing. The knockdown of each isoform in  T.  
  castaneum    led to lethal phenotypes, but the deformation of the cuticle was more 
severe in the knockdown of the A-type isoform.

   Amino acid sequence analysis was performed for a laccase-like enzyme that was 
purifi ed from the newly ecdyzed pupae of  B.    mori    (Yatsu and Asano  2009 ). The 
procedure for the purifi cation was a modifi ed version of the previous report by 
Yamazaki ( 1972 ). Like the previous study, trypsin was used for solubilization of 
laccase activity. Since laccase is attached to the cuticle matrix very tightly, proteases 
or denaturing regents are needed to break down the cuticle structure anchoring the 
laccase protein. The purity was increased from three bands in the previous study to 
only a single band (70 kDa) by analysis with SDS-PAGE. The N-terminal sequence 
of the purifi ed enzyme was NPALS that corresponds to Asn147-Ser151 of the full- 
length putative polypeptide deduced from the cDNA sequence of  BmLac2  (Fig. 
 6.4 ). The mass spectrometric identifi cation of tryptic fragments from the purifi ed 
enzyme (trypsin-solubilized  B.    mori    laccase 2, Bm-tLac2) failed to identify pep-
tides corresponding to 146 amino acids from the N-terminal methionine, suggesting 
that the purifi ed enzyme had lost the N-terminal portion during treatment with tryp-
sin. A similar result was reported in the analysis Lac2 from  M.    sexta   . The full-length 
and N-terminally truncated ( Δ 106) recombinant proteins exhibit similar catalytic 
parameters when  NADA   is used as substrate, indicating that the presence of the 
N-terminal portion does not have a signifi cant infl uence on the enzymatic activity 
(Dittmer et al.  2009 ). After these studies, the molecular properties of the recombi-
nant laccase 2 proteins of  T.    castaneum    and  An.    gambiae    were determined (Gorman 
et al.  2012 ). They exhibit the same pattern of  Km  values with dopamine and  NADA   
being the more preferred substrates than  DOPA   and  NBAD  , respectively. The pH 
optima of enzyme activities are also weakly acidic and the A-type isoforms exhibit 
higher pH optima for  DOPA   and dopamine than the B-type isoforms. The four 
recombinant proteins show similar kinetic parameters, but a notable difference was 
seen in the case of TcLac2B with its  k   cat   values much larger than the values deter-
mined for TcLac2A. The variation in pH optima and substrate preference in the two 
isoforms may refl ect the environment in which each isoform is localized. 

Y. Arakane et al.

http://flybase.org/


189

 Since the early studies, there have been observations that imply an active 
regulation of laccase function during the process of cuticle construction in  D. virillis  
(Yamazaki  1969 ) and the Australian sheep blowfl y,  Lucilia cuprina  (Barrett  1987b ). 
In  B.    mori   , little laccase activity was detected in the cuticle of newly ecdysed pupa, 
but the activity increased to a maximum at 4 h after pupal ecdysis (Yamazaki  1972 ). 
A similar result was obtained by  in situ  staining of the pupal cuticle with dopamine 
(Yatsu and Asano  2009 ). It had been suggested that laccase is synthesized as an 
inactive precursor and accumulates in the pupal cuticle before ecdysis. After pupal 
ecdysis, the precursor may be activated through processing or interactions with 
other molecule(s). A precursor-like protein was extracted from the cuticle of newly 
ecdyzed pupae of  B.    mori    by treatment with α-chymotrypsin. When examined by 
activity staining after native PAGE, only a faint activity band was detected, but after 
 in vitro  treatment with trypsin, an increased activity was detected (Ashida and 
Yamazaki  1990 ; Asano et al.  2014 ). The purifi ed α-chymotrypsin-solubilized 
BmLac2 (Bm-cLac2) protein was shown to be an active enzyme, but the specifi c 
activity was increased 17-fold after treatment with trypsin. During that treatment, 
peptide bonds in the C-terminal region (Lys677-Gln678 and Arg674-His675) were 
cleaved. Although it is not an inactive precursor, Bm-cLac2 appears to preserve the 
character of the hypothetical inactive-precursor in that it has the potential to become 

  Fig. 6.4    Schematic domain structures of 3dMCOs from invertebrates. Two proteins from insects 
and three proteins from other invertebrate species are shown. Structural characteristics are 
highlighted including the signal sequence, catalytic domain, cysteine-rich region, GPI anchor site, 
von-Willebrand factor domains and copper-binding sites. Numbers indicate length of proteins (in 
numbers of amino acids)       
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substantially more active. For the precise control of a successful completion of the 
entire ecdysial process, it is reasonable to utilize multiple systems to regulate 
laccase 2 activity. It is hypothesized that laccase 2 can become a much more active 
enzyme by some activating factors through proteolytic processing or other modes of 
interactions  (Asano et al.  2014 ).  

6.2.8      Dopachrome Conversion Enzyme (Yellow) 

  The   yellow    gene, which was named for a yellowish body color in a loss of function 
phenotype of  D.    melanogaster    (Nash and Yarkin  1974 ), appears to be one of the 
most rapidly evolving gene families that generates functionally diverse paralogs. 
This family includes the  major royal jelly proteins (MRJPs)   of the honeybee,   Apis 
mellifera   , which are the most abundant proteins found in royal jelly (Schmitzova 
et al.  1998 ; Albert and Klaudiny  2004 ). The  yellow  genes encoding  MRJPs   and 
MRJP-like (MRJPL) proteins have been identifi ed not only in honeybees but also in 
several other hymenopteran species. Those   MRJP    and  MRJPL  genes are generally 
arranged in a cluster (except for a single copy of  MRJPL  in some species) of closely 
linked genes, which is located between  yellow-e3  and  yellow-h  (most common gene 
order is  yellow-g , − g2 , − e , − e3 ,   MRJPs    or  MRJPLs , − h ) in their genomes (Ferguson 
et al.  2011a ; Kupke et al.  2012 ; Buttstedt et al.  2014 ). Although the   MRJPs    or 
 MRJPLs  locus is highly conserved, recent studies including phylogenetic analysis 
suggest that the gene clades in  A.    mellifera   , the jewel wasp,   Nasonia vitripennis   , and 
the Argentine ant,  Linepithema humile , have independently evolved in their lineage 
(Fig.  6.5 ; Werren et al.  2010 ; Smith et al.  2011 ; Buttstedt et al.  2014 ).  MRJP   proteins 
were detected in a variety of tissues including brain, venom glands and larval 
hemolymph and in different developmental stages in  A.    mellifera    (Kucharski et al. 
 1998 ; Schmitzova et al.  1998 ; Drapeau et al.  2006 ; Peiren et al.  2008 ; Randolt et al. 
 2008 ; Hojo et al.  2010 ), suggesting that  MRJPs   have other physiological functions 
in addition to a nutritional role due to their high content of essential amino acids 
(Table  6.3 ).

     Yellow  and   MRJP    /MRJPL  comprise a gene family in insects. This gene family 
of the  melanin   pathway appears to be insect specifi c and deviates from the pathway 
common to other animals. The number of genes in insects, whose genomes are well 
characterized, is in the range of 10–26 in species such as  D.    melanogaster    (Maleszka 
and Kucharski  2000 ; Drapeau  2001 ),  T.    castaneum    (Arakane et al.  2010 ) , B.    mori    
(Xia et al.  2006 ) , P.    xuthus    (Futahashi et al.  2012 ),  A.    mellifera    (Drapeau et al. 
 2006 ) and  N. vitripennis  (Werren et al.  2010 ). The encoded Yellow and  MRJP  /
MRJPL proteins have been divided into at least ten subgroups based on sequence 
similarity and phylogenetic analysis (Fig.  6.5 ; Ferguson et al.  2011a ). Although a 
large number of  yellow  and   MRJP    /MRJPL  genes has been identifi ed in different 
insect species, the physiological function(s) of most of these genes has not yet been 
determined. 
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 In the cuticle tanning pathway, a  yellow  gene encodes dopachrome conversion 
enzyme (DCE) that converts dopachrome and dopaminechrome to  dihydroxyindole 
(DHI)   and  5,6-dihydroxyindole-2-carboxylic acid (DHICA)  , respectively, during 
 melanin   biosynthesis (Fig.  6.2 ). DCE accelerates  melanin   synthesis in insects such 
as  D.    melanogaster    , B.    mori    , P.    xuthus    and  T.    castaneum    (Wittkopp et al.  2002b ; 
Futahashi and Fujiwara  2007 ; Futahashi et al.  2008a ; Arakane et al.  2010 ; Ito et al. 
 2010 ). The Yellow protein is critical for cuticle pigmentation in several species. In 
 D.    melanogaster   , for instance,  yellow  ( DmY-y ) is required for black  melanin   
production, because mutation of  DmY-y  leads to the light brown/yellowish cuticle 
and localization of DmY-y protein is correlated with black pigmentation patterns in 
adult cuticle (Wittkopp et al.  2002a ,  b ,  2003a ,  2009 ; Gompel et al.  2005 ). Riedel 

  Fig. 6.5    Phylogenetic analysis of Yellow and Yellow-like proteins in insects. ClustalW software 
was used to perform multiple sequence alignments prior to phylogenetic tree analysis. The 
phylogenetic tree was constructed with MEGA 6.06 software using the Neighbor-Joining method 
(Tamura et al.  2013 ). Numbers by each branch indicate results of bootstrap analysis of 5000 
replications. See Table  6.3  for the accession numbers of protein sequences used in this analysis       
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    Table 6.3    Accession numbers of insect Yellow and Yellow-like proteins used for phylogenetic 
analysis   

 Species  Abbreviation  Protein  Accession number 

   Tribolium 
castaneum    

 TcY-b  Yellow-b  ACY71055 
 TcY-c  Yellow-c  ACY71056 
 TcY-e  Yellow-e  ACY71058 
 TcY-e3  Yellow-e3  ACY71057 
 TcY-f  Yellow-f  ACY71059 
 TcY-g  Yellow-g  ACY71060 
 TcY-g2  Yellow-g2  ACY71061 
 TcY-h  Yellow-h  ACY71062 
 TcY-y  Yellow-y  ACY71063 
 TcY-1  Yellow-1  ACY71064 
 TcY-2  Yellow-2  ACY71065 
 TcY-3  Yellow-3  ACY71066 
 TcY-4  Yellow-4  ACY71067 
 TcY-5  Yellow-5  ACY71068 

   Drosophila 
melanogaster    

 DmY-b  Yellow-b  NP_523586 
 DmY-c  Yellow-c  NP_523570 
 DmY-d  Yellow-d  NP_523820 
 DmY-d2  Yellow-d2  NP_611788 
 DmY-e2  Yellow-e2  NP_650289 
 DmY-e3  Yellow-e3  NP_650288 
 DmY-e  Yellow-e  NP_524344 
 DmY-f  Yellow-f  NP_524335 
 DmY-f2  Yellow-f2  NP_650247 
 DmY-g  Yellow-g  NP_523888 
 DmY-g2  Yellow-g2  NP_647710 
 DmY-h  Yellow-h  NP_651912 
 DmY-y  Yellow-y  NP_476792 
 DmY-k  Yellow-k  NP_648772 

   Bombyx mori     BmY-b  Yellow-b  BGIBMGA014224-TA 
 BmY-c  Yellow-c  ABC96696 
 BmY-d  Yellow-d  ABC96694 
 BmY-e  Yellow-e  BAI39592 
 BmY-f3  Yellow-f3  NP_001037424 
 BmY-f4  Yellow-f4  NP_001037428 
 BmY-h2  Yellow-h2  BGIBMGA007255-TA 
 BmY-h3  Yellow-h3  BGIBMGA007256-TA 
 BmY-y  Yellow-y  BAH11146 
 BmY-x  Yellow-x  NP_001037430 

(continued)
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Table 6.3 (continued)

 Species  Abbreviation  Protein  Accession number 

   Papilio xuthus     PxY-c  Yellow-c  BAM18241 
 PxY-d  Yellow-d  BAM18620 
 PxY-e  Yellow-e  BAM17806 
 PxY-f3  Yellow-f3  BAM18870 
 PxY-f4  Yellow-f4  BAM18225 
 PxY-h2  Yellow-h2  BAM17969 
 PxY-h3  Yellow-h3  BAM17970 
 PxY-y  Yellow-y  BAF73474 
 PxY-x  Yellow-x  BAM18176 

  Apis    melifera     AmY-b  Yellow-b  XP_006569902 
 AmY-e3  Yellow-e3  ABB82366 
 AmY-e  Yellow-e  XP_003249426 
 AmY-f  Yellow-f  NP_001011635 
 AmY-g  Yellow-g  XP_396824 
 AmY-g2  Yellow-g2  XP_006559006 
 AmY-h  Yellow-h  ABB81847 
 AmY-y  Yellow-y  NP_001091693 
 AmY-x1  Yellow-x1  XP_006565008 
 AmY-x2  Yellow-x2  XP_001122824 
 AmMRJP1  Major Royal Jelly 

Protein (MRJP)    1 
 NP_001011579 

 AmMRJP2  MRJP2  NP_001011580 
 AmMRJP3  MRJP3  NP_001011601 
 AmMRJP4  MRJP4  NP_001011610 
 AmMRJP5  MRJP5  NP_001011599 
 AmMRJP6  MRJP6  NP_001011622 
 AmMRJP7  MRJP7  NP_001014429 
 AmMRJP8  MRJP8  NP_001011564 
 AmMRJP9  MRJP9  NP_001019868 

(continued)
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et al. ( 2011 ) demonstrated that overexpression of  DmY-y  altered coloration of the 
adult wing cuticle from brown to black. In addition, the multi-ligand endocytic 
receptor Megalin (Mgl) plays a role in promoting internalization/endocytosis of 
DmY-y. Loss of function of  Mgl  caused excess DmY-y, resulting in a black 
pigmented wing similar to that seen in the adult in which  DmY-y  is overexpressed. 
This result suggests that, in addition to the spatial expression, DmY-y function is 
regulated by a cellular process such as an endocytosis for cuticle coloration of  D.  
  melanogaster   . Further studies are needed to know whether this is the case in other 
insect species. 

 Like  DmY-y , Yellow is also important for body pigmentation in lepidopteran 
species. Expression of  yellow  in the swallowtail species  P. xuthus  ( PxY-y ),  P.    mach-
aon    ( PmY-y ) and  P.    polytes    ( PpY-y ) is correlated with black body markings of their 
larval cuticles (Futahashi and Fujiwara  2007 ; Futahashi et al.  2010 ; Shirataki et al. 
 2010 ). Futahashi et al. ( 2012 ) utilized microarray analysis to screen for marking-

Table 6.3 (continued)

 Species  Abbreviation  Protein  Accession number 

   Nasonia 
vitripennis    

 NvY-b  Yellow-b  NP_001154989 
 NvY-e3  Yellow-e3  NP_001154982 
 NvY-e  Yellow-e  NP_001154985 
 NvY-f  Yellow-f  NP_001154968 
 NvY-g2a  Yellow-g2a  XP_001603544 
 NvY-g2b  Yellow-g2b  NP_001154986 
 NvY-g2c  Yellow-g2c  XP_001603573 
 NvY-h  Yellow-h  NP_001153394 
 NvY-y  Yellow-y  NP_001154977 
 NvY-x1a  Yellow-x1a  XP_001601771 
 NvY-x1b  Yellow-x1b  NP_001155026 
 NvY-x1c  Yellow-x1c  NP_001154990 
 NvY-x1e  Yellow-x1e  XP_001607252 
 NvY-x2  Yellow-x2  XP_001601022 
 NvMRJP1  MRJP1  XP_001603404 
 NvMRJP2  MRJP2  NP_001155025 
 NvMRJP3  MRJP3  NP_001154981 
 NvMRJP4  MRJP4  NP_001154980 
 NvMRJP5  MRJP5  NP_001154979 
 NvMRJP7  MRJP7  NP_001154975 
 NvMRJP8  MRJP8  NP_001154974 
 NvMRJP9  MRJP9  NP_001154978 

   Acyrthosiphon 
pisum    

 ApY-d5  Yellow-d5  XP_001942700 
 ApY-d6  Yellow-d6  XP_001942648 
 ApY-e  Yellow-e  XP_001948479 
 ApY-g2  Yellow-g2  XP_001945004 
 ApY-g4  Yellow-g4  XP_001944949 
 ApY-y  Yellow-y  NP_001165848 
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specifi c genes using six markings at 11 different stages of  P.    xuthus    larvae and all 
of the  yellow  gene family members were identifi ed except for  yellow-b . Interestingly, 
 yellow-h3  ( PxY-h3 ) exhibited an expression pattern of development very similar to 
that of  PxY-y . In addition,  PxY-h3  was expressed in the black pigmented markings, 
indicating that, like  PxY-y , it also is involved in marking- specifi c  melanin   synthesis 
in  P.    xuthus   . In  B.    mori   ,  yellow-y  ( BmY-y ) and  yellow-e  ( BmY-e ) had been character-
ized as genes responsible for the body color mutants,  ch  ( chocolate ) and  bts  (brown 
head and tail spot), respectively (Futahashi et al.  2008b ; Ito et al.  2010 ). The larval 
body color of the  ch  mutant strain is a reddish brown instead of a normal black 
color, whereas the  bts  mutant strain exhibited a reddish brown larval head and anal 
plates instead of the white coloration found in the wild- type strain. These results 
suggested that both BmY-y and BmY-e play critical roles in larval pigmentation of 
 B.    mori   . 

 In  T.    castaneum   , 14  yellow  genes have been identifi ed and their different expres-
sion patterns indicated that yellow genes have diverse functions (Arakane et al. 
 2010 ). Functional importance of  yellow  in cuticle pigmentation has been identifi ed 
in several insect species as described above. Interestingly, knockdown of the  yellow  
( TcY-y ) by RNAi had no effect on body pigmentation in the larva, pupa and adult 
except for black pigmentation in the pterostigma of the hindwing (Fig.  6.2g ; Arakane 
et al.  2010 ), suggesting that TcY-y is not critical for  T.    castaneum    body wall cuticle 
pigmentation. Yellow-f (DmY-f) and -f2 (DmY-f2) in  D.    melanogaster    showed a 
DCE activity required for  melanin   synthesis (Han et al.  2002 ). However, unlike 
 PxY-y  and  PxY-h3 ,  yellow-f3  ( PxY-f3 ) and  -f4  ( PxY-f4 ), which are homologs of  DmY-
f/-f2  in  P.    xuthus   , were not up-regulated in the larval black markings (Futahashi 
et al.  2012 ). RNAi for  T.    castaneum    homolog of  DmY- f/-f2  ( TcY-f ) had no effect on 
body pigmentation of the larva, pupa and pharate adult. The resulting pharate adults, 
however, were unable to shed their exuviae and died entrapped in their old pupal 
cuticle (Arakane et al.  2010 ). These results suggested that Yellow-f-related genes 
might have other functions in addition to  melanin   production in  P.    xuthus    and  T.  
  castaneum   . 

 Recently, a novel anti-dehydration function of  yellow-e  ( TcY-e ) in  T.    castaneum    
has been reported (Noh et al.  2015a ). RNAi for  TcY-e  had no effect on larval, pupal 
and pharate adult cuticle pigmentation. However, the resulting adults died shortly 
after eclosion due to dehydration, and the lethality was prevented by high humidity. 
The body color of the high humidity-rescued adults, like that observed in the  B. mori 
bts  mutant, was signifi cantly darker than that of control adults (Fig.  6.2f ), suggest-
ing that TcY-e plays a role not only in body pigmentation but also has a vital water-
proofi ng function in  T.    castaneum    adults. In contrast to loss of function of  yellow , 
which causes a lighter body color in many insect species, depletion of  yellow-e  
function results in a darker body pigmentation in both  B.    mori    and  T.    castaneum   . 
The most prominent function of the  yellow  gene is in the production of black pig-
ment in a variety of insects. However, the function of the other members of the fam-
ily is largely obscure. Further study is required to understand the function of the 
 yellow  paralogs across different insect species including the molecular mechanisms 
for the cause of the dark body pigmentation in  yellow-e  defi cient insects .  
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6.2.9     Structural Cuticle Proteins (CPs) 

  In arthropods, structural cuticular proteins (CPs)    play important roles in determining 
the diverse physical properties of the cuticle depending on developmental stages as 
well as different body regions as a result of interactions with other  CPs   and the 
structural biopolymer  chitin   (Neville  1993 ). Recent studies and the availability of 
fully sequenced and annotated genomes of several insect species such as  A.    mellifera    
(Honeybee Genome Sequencing Consortium.  2006 ),  D.    melanogaster    (Karouzou 
et al.  2007 ),  T.    castaneum    (Dittmer et al.  2012 ;  Tribolium  Genome Sequencing 
Consortium.  2008 ),  An.    gambiae    (Cornman et al.  2008 ),  B.    mori    (Futahashi et al. 
 2008a ) and  N. vitripennis  (Werren et al.  2010 ) indicate that there are large numbers 
of genes encoding CP-like proteins in their genomes (see Chap.   1     in this book for 
details about CPs). Indeed, more than 200 putative  CP  genes have been identifi ed in 
 D.    melanogaster    and  An.    gambiae    (Ioannidou et al.  2014 ), and these genes comprise 
~2 % of the predicted protein-coding genes in the latter species. 

 CPs have been classifi ed into thirteen distinct families as defi ned by unique 
amino acid sequence motifs characteristic of each of these families (Willis  2010 ; 
Willis et al.  2012 ; Ioannidou et al.  2014 ). The largest cuticular  protein   family is the 
CPR family whose members contain a conserved amino acid sequence known as the 
 Rebers & Riddiford (R&R) consensus motif   (Rebers and Riddiford  1988 ). The 
R&R  motif   contains a chitin-binding domain (chitin-bind-4 domain, PF00379 in the 
Pfam database) that apparently helps to coordinate the interactions between  chitin   
fi bers and the proteinaceous matrix (Rebers and Willis  2001 ; Togawa et al.  2004 , 
 2007 ; Qin et al.  2009 ). CPR proteins containing the RR-1 motif have been found 
primarily in soft and fl exible cuticle, whereas the proteins containing the RR-2 
motif have been found mostly in hard and rigid cuticle. The third class of CPR 
proteins, RR-3, has been identifi ed in only a few insect species and is a very minor 
group whose distinguishable features have not yet been well defi ned (Andersen 
 2000 ). 

 During cuticle tanning, some of CPs are cross-linked by quinones and/or quinone 
methides produced by laccase 2-mediated oxidation of  N -acylcatechols (Hopkins 
and Kramer  1992 ; Arakane et al.  2005 ; Andersen  2008 ; Mun et al.  2015 ). This vital 
process together with dehydration occurs during each stage of development and the 
expression of specifi c CPs appears to be required for formation of diverse cuticles 
in different regions of the insect’s body and at different developmental stages so that 
an appropriate combination of physical and morphological features can provide 
structural support, mechanical protection and mobility. However, little is known 
about the functional importance of individual insect CPs in the morphogenesis and 
mechanical properties of the cuticle. 

 Four major CPs, TcCPR27, TcCPR18, TcCPR4 and TcCP30, were identifi ed in 
protein extracts of elytra from  T.    castaneum    adults (Arakane et al.  2012 ; Dittmer 
et al.  2012 ; Mun et al.  2015 ; Noh et al.  2015b ). All of these CPs are abundant in 
rigid cuticles including the dorsal  elytron  , pronotum, ventral abdomen and leg, 
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while they are absent or very minor in soft and fl exible cuticles such as the ventral 
 elytron  , hindwing and dorsal abdomen of the adult. TcCPR27 and TcCPR18 are 
members of the RR-2 group of the CPR family, and are localized in both the 
chitinous horizontal laminae and vertical pore canals in the  procuticle   of rigid adult 
cuticle (Noh et al.  2014 ). RNAi for  TcCPR27  or  TcCPR18  genes caused a 
disorganized laminar architecture and amorphous  pore canal fi bers   (PCFs), which 
led to short, wrinkled and weakened elytra (Arakane et al.  2012 ; Noh et al.  2014 ). 
TcCPR4, which is more highly extractable from the elytra of TcCPR27-defi cient 
adults than are other CPs, contains an RR-1 motif (Noh et al.  2015b ).  TEM   
immunogold labeling revealed that the TcCPR4 protein is predominantly localized 
in the pore canals and in the vicinity of the  apical plasma membrane protrusions   of 
the  procuticle  . However, depletion of TcCPR27 caused mislocalization of TcCPR4. 
In the TcCPR27-defi cient elytra, the TcCPR4 protein was distributed over the entire 
 procuticle   including the horizontal laminae, suggesting that the presence of 
TcCPR27 protein is critical for the specifi c localization of TcCPR4 protein. Loss of 
function of  TcCPR4  produced by RNAi caused an abnormal shape of the pore 
canals with amorphous  PCFs   in their lumen, indicating that TcCPR4 is important 
for determining the morphology and ultrastructure of  PCFs   and pore canals in rigid 
cuticle. 

 Unlike TcCPR27, TcCPR18 and TcCPR4, the mature TcCP30 protein has a low 
complexity amino acid sequence with a rather unique amino acid composition (36 % 
Glu, 21 %, His, 19 %, Arg and 16 % Gly), and lacks an R&R consensus  motif   (Mun 
et al.  2015 ). The function of TcCP30 is critical for adult eclosion of  T.    castaneum    
probably because it undergoes cross-linking during cuticle maturation. Western 
blotting analysis of protein extracts from the elytra and pronotum revealed that 
TcCP30 becomes cross-linked to TcCPR27 and TcCPR18, but not to TcCPR4, by 
the action of laccase 2 (Mun et al.  2015 ). Because TcCP30, TcCPR27 and TcCPR18 
have a high histidine content (10–21 %), whereas TcCPR4 has a relatively low 
content (3 %), this result appears to be consistent with the hypothesis that histidine 
residues of CPs most likely participate in quinone- and/or quinone methide-mediated 
CP cross-linking (Kramer et al.  2001 ). All of these results indicate that the unique 
localization and cross-linking of specifi c CPs are important for morphology and 
ultrastructure of the  exoskeleton   (Fig.  6.6 ). Genes encoding CPs comprise one of 
the largest families of insect genes so that future studies of the functional importance 
in cuticle morphogenesis of many other CPs, particularly ones belonging to different 
subfamilies, is of great interest . 

6.3         Interactions and Functions of Pigments in Insect Ecology 

 The surfaces of insects show various types of colorations, which include structural 
colors and colors with versatile pigments. The structural colors are the results of 
optical effects by fi ne structures of cuticle surfaces (Seago et al.  2009 ). In addition, 
insect cuticles contain various types of substances that are responsible for 

6 Tyrosine Metabolism for Insect Cuticle Pigmentation and Sclerotization



198

characteristic colors. Sometimes, there are correlations between color (pigment) 
patterns and the local shape of cuticle. For example, the  Junonia  butterfl y wing 
eyespot pattern correlates with the thickness pattern of the underlying cuticle (Taira 
and Otaki  2016 ). With pigments, insects can create a variety of body color patterns 
that contribute to increased survival rates through camoufl age, warning or mimicry 
and to accelerated sexual selection. The biological signifi cance of body colors 
produced through tyrosine metabolism has been investigated as one major research 
area in many insect species. This section focuses mainly on the changes in the extent 
of melanization that are associated with environmental conditions. 

 During development, insects often change their body colors for better adaptation 
to the surroundings. As one example, the molecular mechanisms of body color tran-
sition are well described in  P.    xuthus    (Futahashi and Fujiwara  2005 ,  2008 ) .  Until the 
fourth instar, the larvae show a pattern with white and brown colors that is thought 
to mimic the fecal material of birds. In contrast, during the molt to the fi fth (last) 
instar, the pattern drastically changes to a greenish coloration that is cryptic for 
leaves. For this transition of body color pattern, the concentration of  juvenile hor-
mones (JH)   is the critical factor (see Sect.  6.4 ). This transition in  P.    xuthus    is an 
example of events that occur during the normal developmental process. Similarly, 
polyphenic phenotypes occur through changes in gene expressions that are regu-

  Fig. 6.6    Proposed cuticular proteins cross-linking in rigid cuticle of  T. castaneum . Rigid adult 
cuticle is composed of three functional layers, envelope (EV), epicuticle (EP) and procuticle 
(PRO) in the 5 days-old adult of  T. castaneum . Chitin and cuticular proteins are major components 
of a large number of horizontal laminae and vertical pore canal fi bers in the procuticle. Major 
cuticular proteins, TcCPR27, TcCPR18 and TcCP30, are localized in both laminae and pore canal 
fi bers, whereas TcCPR4 is predominantly localized in pore canal fi bers (Mun et al.  2015 ; Noh 
et al.  2014 ,  2015b ). TcCP30 undergoes cross-linking with TcCPR27 and TcCPR18, but not to 
TcCPR4 in rigid cuticle (Mun et al.  2015 ). Pigments are primarily localized in the procuticle       
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lated by hormones ( JH  ,  ecdysteroid  , peptidic factors) through modulations in the 
status of epigenetic modifi cations and metabolic pathways. The body color pattern 
is one polyphenic trait that can be modifi ed by environmental cues. Locusts have 
two phases, a “solitaria phase” in low density of individuals and a “gregaria phase” 
under the opposite situation, each of which is characterized by a specifi c metabo-
lism, behavior and body appearances. In the transition from solitary to gregarial 
phase, the greenish body is changed to blackish. By HPLC isolation and bioassay 
experiments with the albino mutant of  L.    migratoria   , the peptide corazonin was 
identifi ed from both  L.    migratoria    and  S. gregaria  as the hormone that induces  mel-
anin   synthesis (Tawfi k et al.  1999 ; Tanaka  2000 ; Predel et al.  2007 ). Corazonin has 
an N-terminal pyroglutamate and C-terminal amidation, and the sequence is homol-
ogous to the human melanocyte-stimulating hormone α-MSH. Corazonins from the 
locust have a histidine residue at the seventh position instead of an arginine in cora-
zonin from the cockroach,  P.    americana   , and the peptide was identifi ed as a heart-
stimulating hormone in  P.    americana    (Veenstra  1989 ,  1991 ). Corazonin induces not 
only  melanogenesis  , but also morphological changes (Tanaka et al.  2002 ; Maeno 
et al.  2004 ). It has been shown in  S. gregaria  that in a crowded situation, the signal 
of mechanoreception on the hind legs is transduced to the  central nervous system 
(CNS)  . Then neuromodulation of the  CNS   leads to behavioral changes from solitary 
to the gregarious type. Either mechanoreception at the hind legs or a combination of 
sight and odor cues induce a pulse of  serotonin   in the metathoracic ganglion, and 
this is both necessary and suffi cient for induction of behavioral changes for 
gregarization in  S. gregaria  (Simpson et al.  2011 ). The eggs laid by gregarious 
females have a tendency to be larger than those laid by solitary females and the 
proportion of “green hatching” from the larger eggs is lower (Tanaka and Maeno 
 2010 ). 

 Temperature appears to cause adaptive changes in the coloration pattern. The 
larval body of the fi ve-spotted hawkmoth,   Manduca quinquemaculata   , shows two 
temperature-dependent phenotypes. Larvae developed at 20 °C have a blackened 
color, but those developed at 28 °C have a greenish color (Hudson  1966 ). The dark 
body color can be adaptive to obtain heat by absorbing sunlight in a low temperature 
condition, although the black coloration is thought to be in a trade-off relationship 
with the cryptic green color in leaves. In the related species,  M.    sexta   , the  black  
mutant shows similar characteristics. At normal temperature (20–28 °C) the body 
color is black, and low  JH   titer is responsible for this phenotype. In contrast, heat 
shock during the sensitive period in the fourth instar elevates the  JH   titer and 
suppresses   DDC    expression during the molt. The body color of the next instar is 
changed to green (Suzuki and Nijhout  2006 ). Such experiments to decipher the 
effect of temperature shifts have been performed since the nineteenth century. In 
many cases, a high-temperature shock induced phenotypes found in warm climates, 
and  vice versa  (Merrifi eld  1890 ,  1893 ). In a nymphalid butterfl y,   Junonia orithya   , a 
cold shock during the pupal period shows polyphenic wing color patterns that are 
induced by a cold-shock hormone (Mahdi et al.  2010 ). Although such a correlation 
has been elusive, the cold-shocked individuals show an increase in dopamine 
content and a tendency to produce a darker phenotype. In  D.    melanogaster   , growth 
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at a lower temperature induces a darker abdomen in adult females (David et al. 
 1990 ), which is associated with modulations of  TH  and  ebony  expressions (Gibert 
et al.  2007 ). This observation is consistent with the geographic distributions of 
darker variations (David et al.  1985 ; Gibert et al.  1996 ,  1998 ; Takahashi and Takano- 
Shimizu  2011 ; Telonis-Scott et al.  2011 ), indicating that this plasticity is an adaptive 
trait. The relationship between high latitudes (low temperature and weak sunlight) 
and darker body color has been reported in many cases (reviewed by True  2003 ; 
Rajpurohit and Nedved  2013 ; Takahashi  2013 ). The recent global warming trend 
has affected greatly the distribution of European insects (Zeuss et al.  2014 ). Based 
on the data obtained from a study of 473 European butterfl ies and dragonfl ies, it was 
found that dark and light colored insects are associated with cool and warm climates, 
respectively, and that the average darkness of the insects has decreased during the 
last century.  

6.4       Hormonal Regulation of Cuticle Tanning 

  How does hormonal regulation lead to variations in pigmentation of the insect  exo-
skeleton  ? Pigmentation development involves activating agents such as hormones 
that regulate the process, positioning agents that generate pigments in space and 
time, and the biochemical synthesis of pigments (Wittkopp and Beldade  2009 ). 
Genes in these steps are referred to as “regulating”, “patterning” and “effector” 
genes, respectively. Regulating genes modulate patterning genes that determine the 
distribution of pigments by directly or indirectly activating expression of effector 
genes that encode the enzymes and co-factors required for pigment biosynthesis. 

 There are two main classes of insect hormones, the hormones produced by epi-
thelial glands belonging to the  ecdysteroids   and  juvenile hormones (JH)   and also the 
neuropeptide hormones produced by neurosecretory cells. A working hypothesis is 
that the pigment biochemical module is regulated primarily by  ecdysteroids   such as 
20-hydroxyecdysone (20HE) and  JH   as well as transcription factors expressed in a 
marking-specifi c pattern. Neuropeptide hormones such as  bursicon   also play regu-
latory roles in pigment metabolism. 

 Cuticular pigmentation in  P.    xuthus    is caused by exposure to  ecdysteroid   and its 
subsequent removal (Futahashi and Fujiwara  2007 ). For instance, the larval marking 
eyespot pigmentation and differences in pigmentation timing appear to be regulated 
by ecdysteroid-inducible transcription factors that modulate  melanin  -synthesis 
genes. In this species, stage-specifi c larval marking color patterns are determined by 
a two-phase melanin-related gene prepatterning process (Futahashi et al.  2010 ). 
Two secreted protein genes,  yellow-y  and  laccase 2 , correlated with the black 
markings are expressed in the middle of the molting period (phase 1). In contrast, 
fi ve epidermal proteins genes,  TH ,   DDC   ,  GTPCH I  ( GTP cyclohydrolase I ),  tan  and 
 ebony , associated with black or reddish-brown markings are expressed in the latter 
half of the molting period (phase 2). In addition, topical application of  ecdysteroids   
prevents the induction of  TH ,   DDC    and  ebony  expression as well as maintains 
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 yellow  expression in the later molting stage, suggesting that the genes expressed in 
phase 1 require a high  ecdysteroid   titer, whereas the expression of the genes in 
phase 2 are induced by 20HE removal. Similar spatial and temporal expression 
profi les of most corresponding genes are observed in two other  Papilio  species with 
two additional genes,   bilin-binding protein  ( BBP )   and a   yellow-related gene  ( YRG )  , 
whose combinations contribute larval blue, yellow and green colorations (Shirataki 
et al.  2010 ). 

 Two transcription factors,  spalt  and  ecdysteroid   signal-related  E75 , are genes 
expressed in the larval black eyespot markings in  Papilio  (Futahashi et al.  2012 ). 
The former expression correlated with the cryptic wing pattern (black marking) 
formation in several butterfl y species, suggesting that it may be a positive regulator 
for  melanin   synthesis in both larvae and adult butterfl ies. The expression pattern of 
 E75  induced by  ecdysteroids   (Hiruma and Riddiford  2009 ) is correlated with the 
eyespot pigmentation pattern, which is similar to that of the  yellow  gene. In  M.  
  sexta   ,   DDC    expression is regulated by  E75  in response to exposure to  ecdysteroids   
followed by its removal (Hiruma and Riddiford  1990 ,  2009 ). In  B. mori ,  tan  and 
 laccase 2  genes, which are also marking-specifi c (Futahashi et al.  2010 ), are 
apparently regulated by several ecdysteroid-inducible transcription factors including 
  ecdysone receptor   ,  E75 ,  hormone receptor 3  and  ftz transcription factor 1  (Hiruma 
and Riddiford  2009 ). These results suggested that  E75  is a strong candidate mediator 
of the hormone-dependent coordination of larval pigment pattern formation by 
regulating several black marking genes. Transcription factors such  as optomotor- 
blind  ( omb ) or  bric a brac  ( bab ) may also regulate patterning in insects (Wittkopp 
et al.  2003b ). Color patterns in wings of butterfl ies are complex and may be the 
product of the co-option of developmental pathways, as exemplifi ed by the eye 
development gene  optix , which is correlated with wing patterns of  Heliconius  
butterfl ies (Kronforst et al.  2012 ). 

  JH   has been proposed to infl uence the expression pattern of 20HE-related genes 
(Riddiford  2008 ), and it induces the expression of genes associated with the mimetic 
pattern. In  P.    xuthus   , a decrease in  JH   titer causes a switch to the cryptic pattern 
(Futahashi and Fujiwara  2008 ). Until the end of third instar larva, a high  JH   titer is 
maintained, but during the fourth instar larval stage, the titer declines. The low  JH   
titer is the cause of the greenish cryptic pattern in the next instar, because injection 
of a  JH   analog ( JH   acid: JHA) at the early fourth instar larval stage suppresses the 
transition of body color pattern. With the injection of JHA, the spatial patterns of 
 TH  and   DDC    expressions in the cuticles of fourth instar larvae are maintained 
during the molt, and the mimicking brownish color pattern is maintained in the 
resulting fi fth instar larvae. In addition to overall coloration,  JH   also regulates 
exoskeletal structures and pigment distribution at specifi c markings. In general, the 
hormonal condition and hormone sensitivity appear to be two of the main factors 
responsible for interspecifi c differences in larval color patterns in lepidopteran 
species such as the genus of  Papilio  (Shirataki et al.  2010 ). 

 The pupal color of the butterfl ies often shows dimorphic phenotypes, green and 
brown. The occurrence of the colors is dependent on the surrounding situations at 
the site for pupation. Optic signals from background color or tactile signals from the 
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surface of the pupation site (smooth or rough) have been studied as determinants for 
pupal colors (Hazel and West  1979 ; Hiraga  2005 ). Seasonal factors (photoperiod, 
temperature or humidity) can also have an infl uence on the pupal color determination 
(Hazel and West  1979 ,  1983 ; Sims and Shapiro  1984 ; Smith  1978 ,  1980 ). In the 
nymphalid butterfl y,   Inachis io   , the browning of the pupa is controlled by the 
neuropeptide,  pupal melanization-reducing factor (PMRF)  , that is released from the 
brain into hemolymph (Bückmann and Maisch  1987 ). In  P.    xuthus   , the pupal color 
is controlled by  pupal cuticle melanizing hormone (PCMH)   and orange pupa 
inducing  factor   (OPIF; Yamanaka et al.  1999 ,  2004 ,  2006 ). Blackening of body 
color occurs in larvae of the armyworm,  P.    separata   . In crowded conditions, 
“ melanization and reddish coloration hormone” (MRCH)   known for its FxPRL- 
amide structure at the C-terminus is released into the hemolymph to increase 
melanization of the cuticle.  MRCH   is homologous to the insulin-like growth factor 
(Matsumoto et al.  1981 ,  1986 ). In  P.    separata    other physical stresses (cold shock or 
continuous mechanical stimuli) or parasitic wasp injection elevates the level of 
another type of peptide that shares sequence similarity with the epidermal growth 
factor (Hayakawa et al.  1995 ; Ohnishi  1954 ). This factor,  growth-blocking peptide 
(GBP)  , is responsible for suppression of the increase in  JH   esterase levels after 
parasitization (Hayakawa  1991 ).  GBP   directly acts on epidermal cells to induce an 
elevation of cytoplasmic calcium ion concentration, which increases the levels of 
 TH  and   DDC    expression (Ninomiya and Hayakawa  2007 ). 

 At the enzyme level, the epidermal synthesis of a  granular phenoloxidase (GPO)   
that catalyzes cuticular melanization of  M.    sexta    larvae is inhibited by  JH   (Hiruma 
and Riddiford  1988 ). The absence of  JH   at the time of head capsule slippage during 
the last larval molt causes deposition of premelanin granules containing an inactive 
prophenoloxidase into the outer regions of the newly forming endocuticle. The 
decline of  ecdysteroid   titer allows activation of the proGPO and subsequent 
melanization (Curtis et al.  1984 ). Neuropeptide hormones such as  MRCH  , eclosion 
hormone, or extracts of pharate-larval subesophageal ganglia or corpora cardiaca- 
corpora allata complexes did not accelerate melanization. Dopamine, the precursor 
for  melanin  , is produced by the epidermis at the end of the molt, due to an increase 
in  DOPA decarboxylase (DDC)  , which catalyzes dopamine production from  DOPA   
(Hiruma and Riddiford  1993 ). The rise in DDC activity is controlled at the 
transcriptional level and dependent on the changing  ecdysteroid   titer during the 
molt as described above. 

  Bursicon   (bur) known as “ tanning   hormone” is an insect heterodimeric neuro-
peptide hormone that is secreted from the central nervous  system   into the hemo-
lymph, which initiates cuticle tanning as well as wing expansion after adult eclosion. 
 Rickets   (rk), the receptor for bur, is a member of the G protein-coupled receptor 
superfamily (Honegger et al.  2008 ; Luo et al.  2005 ; Mendive et al.  2005 ). In  D.  
  melanogaster    larvae, Dmbur is expressed exclusively in crustacean cardioactive 
peptide-expressing neurons (Luan et al.  2006 ; Luo et al.  2005 ; Park et al.  2003 ).  D.  
  melanogaster    mutants for  Dmbur  and the receptor mutant  Dmrk  showed defi ciencies 
in both tanning and wing expansion (Baker and Truman  2002 ; Dewey et al.  2004 ). 
Eighty-seven genes in  D.    melanogaster    were found to be sensitive to recombinant 
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bur stimulation (An et al.  2008 ). Thirty have no known function, but the others 
encode proteins with diverse functions, including cell signaling, gene transcription, 
DNA/RNA binding, ion traffi cking, proteolysis-peptidolysis, metabolism, 
cytoskeleton formation, immune response and cell-adhesion. Huang et al. ( 2007 ) 
reported that loss of function of Bmbur caused a defect in wing expansion but no 
distinct tanning phenotype was observed in  B.    mori    adults. Similarly, knockdown in 
the expression of genes coding for Tcbur and/or its receptor Tcrk in  T.    castaneum    by 
injecting dsRNA into the pharate pupae caused a wrinkled elytra phenotype, but 
showed no effect on cuticle tanning. However, when Bai and Palli ( 2010 ) injected 
 Tcrk  dsRNA earlier in development (into young last instar larvae), pupal cuticle 
tanning was affected. A reduction in the expression of  laccase 2  in  Tcrk  RNAi 
beetles suggested that Tcrk infl uences pupal cuticle tanning by regulating the 
expression of  laccase 2  in  T.    castaneum   . However, post-translational modifi cations 
such as phosphorylation may also play a role in regulation of cuticle tanning by the 
 bursicon   receptor (Honegger et al.  2008 ). TH is transiently activated during tanning 
by phosphorylation at a serine residue as a result of  bursicon   signaling (Davis et al. 
 2007 ). A novel bursicon-regulated gene in the housefl y,   Musca domestica    (named 
md13379 because it is homologous with CG13379 in  D.    melanogaster   ), encodes a 
transcriptional regulator homologous to human ataxin-7-like3 and yeast sgf11, both 
of which encode a novel subunit of the Spt-Ada-Gcn5-acetyltransferase (An et al. 
 2009 ). Proteins related to md13379 may play a role in regulating the expression of 
bursicon-regulated genes involved in cuticle tanning .  

6.5     Future Prospects and Concluding Remarks 

 Although tyrosine metabolism for insect cuticle  tanning   and the chemistry of pigment 
synthesis in general are still not well understood, past studies have demonstrated sev-
eral physiologically and ecologically important roles in the  tanning   process. These 
fi ndings suggest that the potential for development of novel control agents targeting 
insect cuticle  tanning   physiology. For example, after demonstration of specifi c gene 
down-regulation in several insect species including crop pests by orally administered 
dsRNA (Turner et al.  2006 ; Zhou et al.  2008 ; Tian et al.  2009 ; Walshe et al.  2009 ; 
Chen et al.  2010 ; Huvenne and Smagghe  2010 ; Zhang et al.  2010 ; Li et al.  2011 ; 
Bolognesi et al.  2012 ; Zhu et al.  2012 ; Miyata et al.  2014 ; Wan et al.  2014 ; Guo et al. 
 2015 ), RNAi based-pest management is now considered to be a promising new tech-
nology to control target pest insects with high species- specifi city and environmentally 
friendly attributes. In addition, transgenic plants expressing dsRNAs for target insect 
genes impair growth and development (Baum et al.  2007 ; Mao et al.  2007 ; Pitino 
et al.  2011 ; Zha et al.  2011 ; Zhu et al.  2012 ; Kumar et al.  2013 ; Zhang et al.  2015 ). 
These results suggest that RNAi based-pest control could be a very useful alternative 
to chemical pesticides for suppression of economically damaging pest insects. Loss 
of function of many genes involved in the tyrosine-mediated cuticle  tanning   pathway 
caused not only alterations in color but also resulted in high mortality as described in 
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Sect.  6.2 , indicating that the pathway is vital for insect development, growth and sur-
vival, making the genes potential targets for controlling economically important pest 
insects and animal/plant disease vectors. 

 The involvement of phenoloxidases in cuticle  tanning   is essential to insect sur-
vival (Dittmer and Kanost  2010 ) and  laccases   are potential phenoloxidase targets 
for insect control agents. One of the fi rst compounds developed to adversely affect 
insect cuticle  tanning   is the sterically hindered phenol, 2,6-ditert-butyl-4-(2- 
phenylpropan- 2-yl)-phenol (MON-0585, Semensi and Sugumaran  1986 ). In MON- 
0585- treated insects there was a reduced phenoloxidase activity as compared to 
controls as well as a signifi cant reduction in the level of covalently bound  catechols   
and malformations in the  exoskeleton  . Prasain et al. ( 2012 ) tested substituted 
phenolic compounds as substrates or inhibitors of  laccase   and also examined their 
effects on mosquito larval growth. Several compounds caused >90 % mortalities as 
mosquito larvicides at nM-μM concentrations. The treated larvae started to separate 
the larval cuticle, but they failed to shed it. Also there was very little synthesis of 
new pupal cuticle by the treated larvae. Thus, some of the laccase-active compounds 
affected the development of the cuticle, which is a target that is different from the 
neurological targets of most currently utilized insecticides. However, the exact 
target and mechanism of action of these modifi ed phenolic compounds  in vivo  still 
remain to be determined. 

 In biomimetic/entomomimetic science, an area of research involves the 
development of novel biomimetic materials with unique physical properties similar 
to those of the pigmented insect  exoskeleton   for use in biomedical or other 
technological devices. For example, a pigmented cuticle structure of the highly 
modifi ed and tanned forewing  elytron   of beetles was investigated as a biomimetic 
model and its application was described (Dai and Yang  2010 ; Lomakin et al.  2011 ; 
Chen and Wu  2013 ; Chen et al.  2015a ,  b ). Unlike other pigmented and rigid cuticles 
in different body regions of adult beetles, the  elytron   composes of dual cuticular 
layers (dorsal and ventral cuticles) connected by a large number of pillar-like fi brous 
structures called  trabeculae  . The unique structure of the  elytron  , for instance, has 
been applied as a model to develop novel integrated honeycomb structures that are 
lightweight with a high mechanical strength (Chen et al.  2012 ,  2015b ). 

 Although substantial progress in studies of insect cuticle  tanning   metabolism has 
occurred in the past, there remain several unanswered questions that should be 
addressed in future studies. What are the exact chemical structures of the insect 
pigments? Structural models and templates have been offered for some of the 
pigments including eumelanin and pheomelanin (Solano  2014 ), but the exact 
structures have not been established. How do the pigments interact with other 
components for assembly of the supramolecular extracellular matrix known as the 
 exoskeleton  ? How do the pigments interact covalently and non-covalently with 
other components in the cuticle including proteins,  chitin  , lipids, minerals and 
water? What is the contribution of the pigments to the mechanical properties of 
 exoskeletons  ? Substantial research designed to answer these questions remains to 
be conducted in the future so that we will have a more complete understanding of 
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the chemistry, physiology and genetics of insect cuticle pigmentation and 
sclerotization .     
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    Chapter 7   
 Insect Hydrocarbons: Biochemistry 
and Chemical Ecology                     

     Matthew     D.     Ginzel      and     Gary     J.     Blomquist    

    Abstract     Cuticular hydrocarbons of insects often consist of complex mixtures of 
straight chain, unsaturated and methyl-branched components with 21 to 40+ car-
bons. They function to restrict water loss, to prevent a lethal rate of desiccation and 
serve in chemical communication in many species. This chapter describes the 
chemistry and chemical ecology of insect hydrocarbons with an emphasis on their 
role as close range or contact pheromones. Hydrocarbons are formed in oenocytes 
and their biosynthetic pathways are described. Recent work has begun to take 
advantage of the tools of molecular biology to better understand hydrocarbon for-
mation and this information is summarized. The various methods by which insects 
utilize hydrocarbons as inter- and intraspecifi c chemical signals are also described.  

7.1       Introduction 

 Hydrocarbons on the surface of insects are essential to prevent  desiccation   and 
death of insects and have evolved to play a number of roles in chemical communica-
tion where relatively non-volatile components are used (Howard and Blomquist 
 2005 ; Bagnères and Lorenzi  2010 ; Blomquist and Bagnères  2010 ; Ginzel  2010 ; 
Greene  2010 ; Liebig  2010 ; van Zweden and d’Ettorre  2010 ). They are comprised of 
long-chain, non-isoprenoid components of 21 to 40+ carbons. Due to their small 
size, insects have large surface area to volume ratios and are therefore susceptible to 
rapid water loss. The ability of insects to withstand  desiccation   was recognized in 
the 1930s to be due in part to the  epicuticular wax   layer on the cuticle. The presence 
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of hydrocarbons in this wax layer was suggested by Chibnall et al. ( 1934 ) and 
Blount et al. ( 1937 ), and over the next few decades the importance of hydrocarbons 
in the cuticular wax of insects was established (Baker et al.  1963 ). The development 
and application of combined gas-liquid chromatography and mass spectrometry 
was key to the rapid and effi cient analyses of insect hydrocarbons. In the late 1960s 
and during the next few decades,  GC-MS   analyses of insect hydrocarbons were 
established (Nelson and Sukkestad  1970 ), and since that time hydrocarbons of thou-
sands of insect species were analyzed, fi rst on packed columns, and then much more 
effi ciently on capillary columns. It became recognized that for many insect species, 
very complex mixtures of normal (straight-chain), methyl-branched and unsatu-
rated components exist (Howard and Blomquist  2005 ; Blomquist  2010a ). 

 Studies on the biosynthesis of insect hydrocarbons have evolved from  in vivo  
experiments in the 1970s and 1980s, in which radiolabeled and stable isotope pre-
cursors were used to establish the biochemical pathways of hydrocarbons, to recent 
work aimed at determining genes involved in hydrocarbon production using  RNA 
interference   and expressing and assaying key enzymes.  

7.2     Chemical Composition of Insect Hydrocarbons 

 The hundreds of different cuticular  hydrocarbon   components reported in insects can 
be divided into three major classes:  n -alkanes, saturated methyl-branched compo-
nents and unsaturated hydrocarbons (Fig.  7.1 ). There are examples of other types of 
components including unsaturated methyl-branched components, but these are not 
common and often are present in small amounts. Fletcher et al. ( 2001 ,  2008 ) and 
McGrath et al. ( 2003 ) reported a novel group of  allenic hydrocarbons   from fi ve spe-
cies of Australian beetles, C23 to C27 dienes in which the double bonds are on 
adjacent carbons. Methyl-branched hydrocarbons have been shown to have up to 
four methyl branches, and the alkenes have up to four double bonds. Most of the 
alkenes have cis double bonds, and the positions of the double bonds, while often in 
the 9-position, can be almost anywhere on the carbon chain.

   A long standing question regarding the  methyl-branched alkanes   was “what is 
their absolute  stereochemistry  ”? In a remarkable piece of work, the Millar labora-
tory (Bello et al.  2015 ) isolated 36 monomethylalkanes from 20 species of insects 
representing nine orders and, using digital polarimetry with comparisons to known 
standards, showed all to be in the ( R ) confi guration. This is consistent with the con-
tact sex  pheromone   of the  German cockroach  , (3 S ,11 S )-dimethylnonacosan-2-one 
(Eliyahu et al.  2008 ), which in order to have the  S ,  S  confi guration in the ketone 
would have been derived from  (3 R , 11 S )-dimethylnonacosane   (Chase et al.  1992 ). 
Of course there was the possibility that the  R ,  S  dimethylalkane could have been 
enzymatically selected from a racemic mixture during hydroxylation of 
3,11- dimethylnonacosane to the corresponding alcohol (Chase et al.  1992 ) that 
would then be oxidized to the ketone. The ( R ) confi guration of the monomethylal-
kanes has interesting ramifi cations for the biosynthesis of methyl-branched hydro-

M.D. Ginzel and G.J. Blomquist



223

carbons, indicating that the reduction of the alkene intermediate during biosynthesis 
is stereochemically specifi c. The  stereochemistry   of di- and trimethylalkanes has 
not been explored, but since they would likely be inserted by the same enzyme, the 
2nd, 3rd and 4th methyl group would likely have the same orientation. Because of 
the assignment of the four groups on the  chiral   carbon, the second carbon on a 
dimethylalkane would likely have the ( S ) confi guration. The  2-methylalkanes   lack 
a  chiral   center and therefore are not  R  or  S . 

 The variety of chain lengths and the number and positions of the methyl branches 
and double bonds provides insects that use cuticular  hydrocarbons   in chemical com-
munication with a large number of possible structures, the chemical equivalent of 
the variably colored plumage of birds. The chain lengths of insect hydrocarbons 
vary from about 21 up to 40 and in some rare cases even 50 carbons. Cvačka et al. 
( 2006 ) used MALDI mass spectrometry to describe a series of hydrocarbons from 
insect cuticles with up to 70 carbons. These very long chain components have not 
been verifi ed to date. There are a number of reviews of the chemistry of cuticular 
 hydrocarbons   and the use of mass spectrometry to identify each component (Nelson 
and Blomquist  1995 ; Howard and Blomquist  2005 ; Blomquist  2010b ; Millar  2010 ). 
Determining the  Kovats index   or the  Equivalent Chain Length   is useful in structure 
assignments, as the positions of the methyl group(s) decrease the retention times in 

C

n-heptacosane

3-methylheptacosane

2-methylheptacosane

9-methylheptacosane

9,13-dimethylheptacosane

9,13,17-trimethylheptacosane

(Z)-9-pentacosene

9,10-pentacosadiene,an allene

  Fig. 7.1    Structures 
of representative insect 
cuticular hydrocarbons       

 

7 Insect Hydrocarbons: Biochemistry and Chemical Ecology



224

a known manner (Lockey  1985 ; Carlson et al.  1998a ). It is diffi cult to determine the 
positions of double bonds without fi rst derivatizing the alkene.  Dimethyldisulfi de   
derivatives are the method of choice (Francis and Veland  1981 ; Carlson et al.  1989 ) 
and  methoxymercuration-demercuration   has also been used (Blomquist et al.  1980 ). 
It is sometimes useful to consider the biosynthetic feasibility of the compound when 
proposing structures for cuticular  hydrocarbons  . Oxygenated components of cuticu-
lar lipids are also often present in small amounts associated with cuticular  hydrocar-
bons  . These include wax esters, sterols, primary and secondary alcohols, diols, 
ethers, epoxides, ketones and other components (Buckner  2010 ) and serve as semi-
ochemicals in some cases (see Dani et al.  2001 ).  

7.3     Hydrocarbon Biosynthesis 

7.3.1     Oenocytes are the Site of Insect Hydrocarbon 
Biosynthesis 

  In the fruit fl y   Drosophila melalanogaster   , Ferveur et al. ( 1997 ) showed that the 
targeted expression of  transformer  in male oenocytes resulted in the feminization of 
the hydrocarbon pheromone profi le. In the  German cockroach  , Gu et al. ( 1995 ) 
presented evidence indicating that only the abdominal sternites and tergites synthe-
size hydrocarbons, which are then loaded onto hemolymph  lipophorin   for transport 
to sites of deposition. However, the mechanism of unloading and transport of hydro-
carbon across the cuticle is unknown. The Schal laboratory (Fan et al.  2003 ) enzy-
matically dissociated the oenocytes of the abdominal integument of the  German 
cockroach   and separated them by Percoll gradient centrifugation. Using radiola-
beled  propionate  , they showed that hydrocarbon synthesis was highest in the frac-
tions most enriched in oenocytes.   D. melanogaster      Cyp4g1   , which encodes the 
cytochrome P450 catalyzing the terminal step in hydrocarbon production, is 
expressed predominantly in  oenocytes   (Qiu et al.  2012 ), and the  fatty acid synthase 
(FAS)   that is involved in producing  2-methylalkanes   is also localized to the oeno-
cytes (Chung et al.  2014 ). 

 Different species may vary in regards to whether or not the entire hydrocarbon is 
formed in oenocytes. Incorporation of  13 C-labeled acetate into housefl y alkenes 
showed that the hydrocarbon appeared to be equally labeled throughout the chain, 
indicating that the entire molecule was synthesized in oenocytes (Dillwith et al. 
 1982 ). In contrast, the  American cockroach   incorporated  13 C-acetate only into car-
bons 19-27 of  ( Z, Z )-6,9-heptacosadiene   (Dwyer et al.  1981b ), suggesting that it 
produced the linoleic acid (Blomquist et al.  1982 ) needed for the synthesis of the 
C27 diene in other tissue. Wicker-Thomas et al. ( 2015 ) and Chung et al. ( 2014 ) 
provided evidence that unsaturated fatty acyl and 2-methyl- fatty acyl precursors are 
made in oenocytes whereas some fatty acids may be imported into oenocytes for 
 elongation   and conversion to hydrocarbons .  
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7.3.2     Biosynthetic Pathways for Hydrocarbons 

 The biosynthesis of insect hydrocarbons can be divided into four steps: (1) forma-
tion of the straight chain saturated, unsaturated and methyl-branched fatty acid pre-
cursors, (2)  elongation   of these fatty acids to very long chain fatty acyl-CoAs, (3) 
conversion of the very long chain fatty acyl-CoAs to  aldehydes   and (4) the reductive 
 decarbonylation   of  aldehydes   to hydrocarbons. 

7.3.2.1     Production of Fatty Acid Precursors 

  2-Methylalkanes   arise from the  elongation   of the carbon skeleton of either  valine   
(even number of carbons in the chain) or  isoleucine   (odd number of carbons in the 
chain) (Blailock et al.  1976 ; Fig.  7.2 ). The gene that forms the  n -2-methyl branched 
fatty acid precursors to the  2-methylalkanes   was identifi ed in   D. melanogaster   . 
RNAi-mediated silencing showed that a fatty acid synthase gene (FASN CG3524 ), one 
of three  FASs   in   D. melanogaster   , markedly decreased production of  2- methylalkanes   
(Chung et al.  2014 ) but not  n- alkanes or alkenes. This provides strong evidence that 
this  FAS   is required for 2-methylalkane synthesis. An alternate  FAS  , FASN CG3523 , is 
expressed in the fat body but not the  oenocytes  , suggesting that all the enzymes 
necessary for hydrocarbon production are localized to the  oenocytes  , but some fatty 
acids are imported to oenccytes for  n -alkane production (Wicker-Thomas et al. 
 2015 ).

   The 3-methyl- and internally branched methyl-branched hydrocarbons arise 
from the incorporation of  propionate   during chain  elongation   (Blomquist et al. 
 1975 ; Blomquist and Kearney  1976 ). The labeled carbon from [1- 13 C] propionate   
was found exclusively in the 4-position of  3-methylpentacosane   as demonstrated by 
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carbon-13 NMR in the  American cockroach   (Dwyer et al.  1981a ), indicating that it 
was incorporated as  methylmalonyl-CoA   as the second group added to the growing 
chain (Fig.  7.3 ).

    The internally branched methylalkanes also arise from the insertion of a  propio-
nate   group, as a  methylmalonyl-CoA  , derived from  valine  ,  isoleucine   or  methionine   
(Dillwith et al.  1982 ) in place of a malonyl-CoA at specifi c points during chain 
 elongation   (Fig.  7.4 ).  13 C-NMR studies (Dwyer et al.  1981a ; Chase et al.  1990 ; 
Dillwith et al.  1982 ) were used to determine if the methyl branching group was put 
on early or late in hydrocarbon formation. In every case where it has been studied 
(Dwyer et al.  1981a ; Dillwith et al.  1982 ; Chase et al.  1990 ), the methyl branch is 
put on early in chain synthesis by a fatty acid  synthase   rather than toward the end of 
the process by an acyl-CoA  elongation   enzyme. An examination of the 
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 methyl- branched fatty acids from the integument of the  German cockroach   (Juarez 
et al.  1992 ) and the housefl y (Blomquist et al.  1994 ) showed that small amounts of 
fatty acids with the appropriate methyl branching to serve as precursors to hydrocar-
bons were present in both species. A comparison of a soluble and a microsomal  FAS   
in the housefl y (Gu et al.  1995 ) and the  German cockroach   (Juarez et al.  1992 ) 
showed that the microsomal  FAS   was more effective than a cytosolic  FAS   in incor-
porating  methylmalonyl-CoA   into a growing fatty acid chain. The presence of a 
unique  FAS   that is involved in synthesizing  2-methylalkanes   in   D. melanogaster    
(Chung et al.  2014 ) suggests that there may also be specifi c  FASs   that insert  meth-
ylmalonyl-CoA   at specifi c points during the formation of the methyl-branched fatty 
acid precursors to the internally branched hydrocarbons.   D. melanogaster    produces 
a very small amount of internally methyl-branched hydrocarbons (Dembeck et al. 
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 2015 ). All insect genomes studied to date appear to have two or more  FASs  , lending 
credibility to the hypothesis of a unique  FAS   that produces methyl-branched fatty 
acid precursors to hydrocarbons. 

  Desaturase 1 ( desat1 )   in   D. melanogaster    accepts both palmitic acid and stearic 
acid to form palmitoleic (Δ9 C 16:1 ) and oleic (Δ9 C 18:1 ) acids. This gene is expressed 
in both fat body and  oenocytes   and appears to play a role in general lipid metabo-
lism and in hydrocarbon production (Wicker-Thomas and Chertemps  2010 ). A 
  desat2    converts  myristic   (C 14:0 ) to  myristoleic   (Δ9 C 14:1 , an n-5 double bond) in fl ies 
that produce a  5,9-alkadiene   (Dallerac et al.  2000 ). A second desaturation is required 
for females that produce 5,9- and 7,11-diene.  RNA interference   was used to study 
this gene (Chertemps et al.  2007 ). This desaturase was found only in females and 
thus was named  desatF  (reviewed in Wicker-Thomas and Chertemps  2010 ).  

7.3.2.2     Elongation: Chain Length Specifi city and Elongases 

     The  regulation of chain length to produce the specifi c blend of hydrocarbons often 
used in chemical communication appears to reside in the microsomal fatty acyl- 
CoA elongase reactions and the  fatty acyl-CoA reductases     . The  American cock-
roach  ,  Periplaneta americana , produces three major hydrocarbons:   n -pentacosane  , 
 3-methylpentacosane   and ( Z, Z )-9,12-heptacosadiene (Baker et al.  1963 ). Studies 
with microsomes from integument tissue showed that  stearyl-CoA   was elongated up 
to a 26 carbon acyl-CoA that could serve as the precursor to   n -pentacosane   (Fig. 
 7.5 ). In contrast, linoleoyl-CoA was readily elongated to 28 carbons (but not longer) 
to serve as the precursor to the 27:2 hydrocarbon (Fig.  7.5 ) (Vaz et al.  1988 ). In the 
housefl y, the picture is even clearer, although more complicated. Laboratory-reared 
female housefl ies produce monoenes of 27 carbons or longer for the fi rst 2 days 
after adult eclosion, and then switch, at about 3 days post-eclosion, to producing 
 ( Z )-9-tricosene  , a short range sex  pheromone   (Dillwith et al.  1983 ). Microsomes 
from 1 day old adult females readily elongate both 18:1-CoA and 24:1-CoA up to 
28 carbons (Tillman-Wall et al.  1992 ). Microsomes from day-4 females elongate 
18:1 to 24:1 and do not effectively elongate 24:1-CoA. In contrast, males, which 
produce 27 carbon and longer alkenes at all ages, readily elongate both 18:1-CoA 
and 24:1-CoA to 28:1-CoA. Microsomes from males, which normally do not make 
23:1 hydrocarbon, readily convert 24:1-CoA to C23 alkenes (Tillman-Wall et al. 
 1992 ), so  in vivo ,  elongation   enzyme activity must prevail over fatty acyl-CoA 
 reductase   activity at that chain length. To further emphasize the importance of the 
fatty acyl-CoA elongation reactions in controlling chain length, microsomes from 
day-1 and day-4 females and males of both ages all convert both 28:1-CoA, 24:1- 
CoA and the 28:1, 24:1 and 18:1  aldehyde   to hydrocarbons one carbon shorter 
(Reed et al.  1996 ). 

 The   D. melanogaster    genome has 19  elongases  , with only two of them character-
ized to date (Wicker-Thomas and Chertemps  2010 ). Fatty acyl-CoA elongases cata-
lyze the condensation of malonyl-CoA and a fatty acyl-CoA, and three additional 
steps are required to reduce the ketone to an alcohol, followed by dehydrogenation 
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and reduction. In other systems, the fi rst step controls the chain length specifi city 
(Haslam and Kunst  2013 ). The elongase   eloF    from   D. melanogaster    (Chertemps 
et al.  2007 ) was expressed in yeast and the results showed that   eloF    elongated both 
saturated and unsaturated fatty acids up to C30. A dramatic decrease in C29 dienes 
and an increase in C25 dienes was observed when   eloF    was knocked down by 
RNAi, with a concomitant decrease in courtship and mating activities. Expression 
of   eloF    was much higher in females than  males .  

7.3.2.3     Acyl-CoA Reductases 

 Acyl-CoA  reductase   activity was demonstrated in microsomes of integument 
enriched tissue from the housefl y, and the  aldehyde   was trapped with hydroxyl-
amine (Reed et al.  1994 ).  Acyl-CoA reductases   have been described in insects for 
the production of pheromones in Lepidoptera (Antony et al.  2009 ) and AmFAR1 
was described in the honey bee (Teerawanichpan et al.  2010 ) that converts C14 to 

  Fig. 7.5    Radio-HPLC products of the  elongation   of  stearyl-CoA   (A) and linoleyl-CoA (B) in 
microsomes of  P. americana        
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C22 fatty acyl- CoAs   to primary alcohols. Little is known about this system as it 
relates to hydrocarbon production in insects. All  acyl-CoA reductases   described in 
insects to date (Carot-Sans et al.  2015 ) reduce the acyl-CoA to the primary alcohol, 
and this raises the possibility that the  acyl-CoA reductases   in hydrocarbon produc-
tion produce the alcohol which is then oxidized to the  aldehyde   by CYP4Gs.  

7.3.2.4     Aldehyde Decarbonylases 

     The mechanism of long-chain fatty acid derived hydrocarbon biosynthesis is now 
coming into focus. It is now clear that very long chain fatty acyl-CoAs are reduced 
to  aldehydes      (Fig.  7.6 ) and then converted to hydrocarbons by the loss of the car-
bonyl carbon in insects. Plants and algae use a reductive  decarbonylation   of  alde-
hydes   that does not require oxygen and bacteria appear to use a variety of mechanisms 
for hydrocarbon biosynthesis (Bognar et al.  1984 ; Cheesbrough and Kolattukudy 
 1988 ; Dennis and Kolattukudy  1991 ; Ladygina et al.  2006 ; Schirmer et al.  2010 ; 
Bernard and Joubès  2013 ; Marsh et al.  2013 ; Sakuradani et al.  2013 ). 

 Insects use an aerobic mechanism for oxidative  decarbonylation   of  aldehydes  . 
This is consistent with plants appearing on land much earlier than insects and under 
oxygen levels that were much lower (Payne et al.  2009 ), while insects developed an 
aerobic mechanism for hydrocarbon production consistent with higher oxygen lev-
els when their ancestors came to land. It is now clear that a cytochrome P450 is 
involved in the conversion of the  aldehyde   to hydrocarbon and carbon dioxide in a 
process that requires molecular oxygen and NADPH (Reed et al.  1994 ,  1995 ; Mpuru 
et al.  1996 ). In housefl y microsomes, incubation of ( Z )-15- [1- 14 C]- and ( Z )-15-
[15,16- 3 H 2 ]tetracosenoyl-CoA and the corresponding  aldehydes   in the presence of 
NADPH gave equal amounts of  14 CO 2  and [ 3 H]-( Z )-9-tricosene (Reed et al.  1994 ). 
The requirement for NADPH and O 2,  and inhibition by CO and antibody to cyto-
chrome P450  reductase   strongly implicated a cytochrome P450 in the reaction. 
Further work with microsomes from a variety of insects showed that [9,10- 3 H, 
1- 14 C]18:0  aldehyde   was converted to a C17 hydrocarbon and CO 2  in the presence 
of O 2  and NADPH, indicating that the pathway for hydrocarbon formation in insects 
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involved the reduction of the acyl-CoA to  aldehyde   followed by a cytochrome P450 
mediated oxidative  decarbonylation   (Mpuru et al.  1996 ). CI-GC-MS analyses of the 
 n -tricosene formed by microsomal preparations from deuterated substrates showed 
that the deuteriums on the 2,2 and 3,3 positions of 24:1-CoA were retained on the 
hydrocarbon product, and that the deuterium on [1- 2 H]tetracosenal was transferred 
to the hydrocarbon product. From this and related work (Reed et al.  1995 ), a mecha-
nism was proposed by which the cytochrome P450 abstracts an electron from the 
C = O double bond of the carbonyl group of the  aldehyde  . The reduced perferryl 
attacks the 1-carbon of the  aldehyde   to form a thiyl-iron-hemiacetal diradical. The 
latter intermediate can fragment to form an alkyl radical and a thiyl-iron-formyl 
radical. The alkyl radical then abstracts the formyl hydrogen to produce the hydro-
carbon and CO 2  (Reed et al.  1995 ). 

 Full confi rmation of the oxidative  decarbonylation   system proposed in insects 
awaited the cloning, expression and characterization of the enzymes involved. 
Toward this end, integument-enriched cytochrome P450 cDNAs in the housefl y, 
  Musca domestica    (Qiu et al.  2012 ) were isolated. One of these,  CYP4G2  , has 71.7 % 
amino acid identity and 81.8 % similarity to its ortholog,  CYP4G1  , from   D. mela-
nogaster   . Numerous attempts to express  CYP4G2   by itself (Blomquist, Tittiger and 
Young, unpublished) led to inactive enzyme that did not absorb at 450 nm in the 
presence of carbon monoxide. The relatively high ratio of  cytochrome P450 reduc-
tase (CPR)   in  oenocytes   (Qiu et al.  2012 ) suggested the possibility that  CPR   was 
needed for  CYP4G2   to properly fold. Expression of the  CYP4G2-CPR fusion pro-
tein   yielded an enzyme that in the presence of CO absorbed at 450 nm and converted 
long chain  aldehydes   to alkanes (Qiu et al.  2012 ). Two transgenic   D. melanogaster    
lines (3972-R1 and 3972-R2) bearing  CYP4G1   hairpin sequences under control of 
the yeast UAS promoter were obtained and crossed individually with a transgenic 
line carrying the Gal4 transcription factor gene under control of an oenocyte- specifi c 
promoter (Ferveur et al.  1997 ). Offspring from these crosses express  CYP4G1   hair-
pin RNAs specifi cally in their  oenocytes  , thus triggering RNAi-mediated post- 
transcriptional gene silencing of   CYP4G1    in oenocyte cells. The amount of 
hydrocarbon produced by these fl ies was less than 100 ng/fl y, as compared to about 
1500 ng/fl y in parental (control) insects (Qiu et al.  2012 ). The amount of   cis - 
vaccenyl acetate   was constant in experimental and control fl ies, indicating that fatty 
acid  synthesis   was not affected. In addition, the expressed  CYP4G2   as a fusion 
protein with cytochrome P450  reductase   converted both tritium and deuterium 
labeled C18 aldehyde to C17 hydrocarbon (Qiu et al.  2012 ). Thus, we have strong 
evidence that  CYP4G2   and  CYP4G1   are the P450s involved in hydrocarbon biosyn-
thesis. To date,  CYP4G2   (housefl y, Qiu et al.  2012 ),  CYP4G16   (The African malaria 
mosquito,   Anopheles gambiae   ) and  CYP4G55   and 56 (the mountain pine beetle, 
  Dendroctonus ponderosae   ) but not CYP4G13 (housefl y) (MacLean, Tittiger and 
Blomquist, unpublished) have been expressed as fusion proteins with housefl y  CPR   
and shown to be  oxidative decarbonylases  . All insects whose genomes are known 
have one or more CYP4G, and we hypothesize that one or more are involved in 
catalyzing the last step in hydrocarbon production .    
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7.4     Ecological and Behavioral Aspects 

 Long-chain hydrocarbons have evolved to play a plethora of roles in insects, from 
the essential role of restricting water loss to serving important functions in chemical 
communication. For chemical communication, insects have evolved to form very 
complicated mixture of  n -, mono-, di-, tri- and tetramethyl branched and unsatu-
rated components at apparently low cost, as they have modifi ed existing compo-
nents. A single component or a mixture of hydrocarbon components of the wax 
layer of almost all arthropods serve as the primary chemical signal to answer ques-
tions such as: “Are you a member of my species? Are you the same sex as me?” For 
subsocial insects, “Are you a member of my family, cohort or group?” For eusocial 
insects, “Are you a member of my colony? Are you a member of my nest? To which 
caste do you belong? Are you a queen or perhaps brood? Are you a worker trying to 
convey to me the need to accomplish a certain task? Are you closely related kin?” 
And, for many arthropods that exist as inquilines in the nest of social insects, “Can 
you recognize that I am alien?” (Howard and Blomquist  2005 ; Blomquist and 
Bagnères  2010 ). 

 We now recognize that hydrocarbons serve critical roles as  sex pheromones  ,  kai-
romones  , species and sex recognition cues,  nestmate recognition  , dominance and 
fertility cues,  chemical mimicry  , primer pheromones, task specifi c cues and even as 
cues for maternal care of offspring (Blomquist and Bagnères  2010 ). The complex 
mixture of hydrocarbons on the surface of insects has allowed them to be used in 
chemotaxonomy and they are gaining importance in  forensic entomology   (Moore 
et al.  2013 ; Roux et al.  2008 ; Drijfhout  2010 ; Braga et al.  2013 ). In retrospect, the 
diversity of hydrocarbons and hydrocarbon blends on insect cuticles might have 
suggested that hydrocarbons could play important roles in chemical communication. 
Only after the recognition of the number and variety of roles they do play in chemi-
cal communication have we come to more fully appreciate the importance of insect 
hydrocarbons in chemical communication. In this section of the chapter, we will 
explore the many types of behaviors that are mediated by cuticular  hydrocarbons  . 

7.4.1     Species and Sex Recognition 

 The wax layer on the insect cuticle is comprised of a complex mixture of long-chain 
hydrocarbons, fatty acids, alcohols, esters,  aldehydes  , and ketones that protects 
insects from  desiccation   (Gibbs  1998 ). The hydrocarbon components of the cuticu-
lar lipid layer also act as  mate recognition signals   in many insect species (reviewed 
by Nelson  1993 ; Howard and Blomquist  2005 ), and may be saturated or unsatu-
rated, terminally branched monomethyl alkanes, or internally branched methyl 
alkanes (Lockey  1980 ; Nelson et al.  1988 ). The structural variability of these hydro-
carbons allows for the diversity of insect pheromones, and their chemical stability 
and low volatility make them particularly suitable as chemical signals for species 
and mate recognition (Dani et al.  2001 ; Howard and Blomquist  2005 ). 
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 In solitary insects,  cuticular hydrocarbons (CHCs)   mediate species recognition 
(Howard and Blomquist  2005 ) and, in such cases, may serve as a prezygotic mating 
isolation mechanism in closely related taxa (Ferveur  2005 ; Peterson et al.  2007 ). 
For example, eight species of the pine cone   Conophthorus    beetles can be easily 
distinguished on the basis of differences in the alkenes and mono-, di-, and trimeth-
lyalkanes. Closely related species of bark beetles in the genus   Dendroctonus    can be 
separated on the basis of their  CHC   profi les (Page et al.  1990 ). Also, geographically 
isolated populations of   D. frontalis   , each from a different host, are quantitatively 
very similar (Page et al.  1990 ), further illustrating the potential of  CHCs   as chemo-
taxonomic characters for closely related beetles. More recently,  bioassays   have pro-
vided a stronger link between  CHCs   and species recognition in insects. In   Nasonia  
jewel wasps  , for example, males respond to  CHCs   of females and multivariate anal-
ysis revealed that four species of the genus are distinguishable on the basis of  CHC   
profi les (Buellesbach et al.  2014 ). Sexual isolation between two sympatric and syn-
chronic sister species of elm beetles in the genus   Pyrrhalta    is achieved by diver-
gence in their  CHC   profi les. In fact,  CHC   profi les are quite different between the 
species:  methyl-branched alkanes   between C29 and C35 are predominantly satu-
rated in the elm leaf beetle,   P. maculicollis   , while shorter chain length (between C22 
and C29) mono- methyl-branched alkanes   are more prevalent in the  CHC   profi les of 
  P. aenescens    (Zhang et al.  2014 ). Moreover, males mate more readily with conspe-
cifi c females or heterospecifi c females treated with conspecifi c  CHCs   (Zhang et al. 
 2014 ). Males of the diurnal fi refl y   Ellychnia corrusca    are also attracted to cuticular 
extracts of conspecifi cs over those of a diurnal heterospecfi c,  Lucidota atra  (South 
et al.  2008 ). 

 In the   D. melanogaster    subgroup, four species possess characteristic combina-
tions of  CHCs   (Ferveur  2005 ), which may serve as species barriers between its 
members. Male   D. melanogaster    halt courtship with an interspecifi c female or a 
conspecifi c male (Billeter et al.  2009 ; Savarit et al.  1999 ). It appears that in this 
group, one compound,  7,11-heptacosadiene  , serves as a “badge” for female   D. 
melanogaster    (Jallon and David  1987 ) and may play an important role in reproduc-
tive isolation among these closely-related species and guard against investing 
energy and resources in failed attempts to mate with members of different, but 
closely related species. In such cases, mate recognition among closely related spe-
cies is typically achieved through the use of structurally similar compounds (Dani 
et al .   2001 ; Wyatt  2014 ). For example, the  contact pheromones   of congeneric  long-
horned beetles   in the tribe Clytini (  Megacyllene caryae    and   M. robinae   ) are single 
alkanes and chain length analogues. The contact  pheromone   of another clytine long-
horned  beetle  ,   Neoclytus a. acuminatus    is a blend of  7-methylheptacosane  , 
9- methylheptacosane and 7-methylpentacosane (Lacey et al.  2008 ). Interestingly, 
9-methylheptacosane is also part of the cuticular profi le of female  M.    caryae    (Ginzel 
et al.  2006 ) and apparently a component of the contact  pheromone   of   Anoplophora 
malasiaca    (Fukaya et al.  2000 ), suggesting that some hydrocarbons may be com-
mon within taxonomical groups. 

 Due to the species-specifi city of  CHCs  , the compounds not only serve as cues for 
discriminating conspecifi cs, but also play important roles in courtship and mate 
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recognition. For example, early work in Diptera established that males of the house-
fl y,   Musca domestica   , are attracted to solvent extracts of virgin females (Silhacek 
et al.  1972 ), and the hydrocarbon,  ( Z )-9-tricosene  , on the cuticle of the female acts 
as a sex  pheromone   for male fl ies (Carlson et al.  1971 ). Since that time,  CHC   con-
tact  sex pheromones   are known from several insect orders including Diptera 
(Stoffolano et al.  1997 ; Carlson et al.  1998b ; Wicker-Thomas  2007 ; Ferveur and 
Cobb  2010 ), Hymenoptera (Syvertsen et al.  1995 ; Steiner et al.  2006 ; Böröczky 
et al.  2009 ; Kühbandner et al.  2013 ), and Coleoptera (McGrath et al.  2003 ; Sugeno 
et al.  2006 ; Geiselhardt et al.  2009 ; Silk et al.  2009 ; Ginzel  2010 ; Ming and Lewis 
 2010 ). 

7.4.1.1     Bioassays and Sampling Cuticular Hydrocarbons 

  Our understanding of  contact chemoreception      in insects has increased greatly 
through the use of  bioassays   (see Ginzel  2010 ). In such assays, a female insect is 
freeze-killed and then presented to a male in a Petri dish arena. If the male attempts 
to mate with the female, it demonstrates that recognition cues on the cuticle are 
intact. The  CHCs   are then stripped from the cuticle of the female by immersing her 
in successive aliquots of solvent. The female is then allowed to air dry before she is 
reintroduced to the male to test whether he will respond to her in any way. If the 
male does not attempt to mate with the washed female, it confi rms that solvent 
washing removed chemical cues that mediate mate recognition. The crude  CHC   
extract is then pipetted back onto the solvent-washed female to determine the extent 
to which it can restore the attractiveness of the washed female. This assay is useful 
for testing not only the bioactivity of the crude extract, but also fractions of the 
crude extract and synthetic compounds. Nevertheless, the  CHC   profi les of reconsti-
tuted females may not accurately refl ect those on the unwashed female. In some 
cases, in fact, males do not respond as readily to reconstituted females, suggesting 
that  CHCs   may be stratifi ed within the wax later and that reapplication of crude 
extract scrambles their position and decreases the abundance of  contact pheromones   
on the surface (Hughes et al.  2011 ). 

  Contact pheromones   used for mate recognition are most often identifi ed by ana-
lyzing whole-body solvent extracts using  GC-MS   and comparing the  CHC   profi les 
of males and females. In some cases, the  CHC   profi les of the sexes are qualitatively 
quite different, with female specifi c compounds serving as  contact pheromones  . For 
example, in the longhorned  beetle     Megacyllene caryae    a number of aliphatic com-
pounds are unique to the  CHC   profi les of females, and sex-specifi c compounds 
accounted for about half of the hydrocarbons of females and a third of those of 
males. The contact  pheromone   for this species,  ( Z )-9-nonacosene  , is also not pres-
ent in the  CHC   profi les of males (Ginzel et al.  2003b ). Likewise, sex-based differ-
ences in the chain lengths of  CHCs   have been reported in other insects such as the 
tsetse fl y (Nelson and Carlson  1986 ) and the bark beetle   Ips lecontei    (Page et al. 
 1997 ). However, quantitative differences in  CHC   profi les of the sexes may also 
mediate mate choice on the part of male insects. Some cuticular  hydrocarbons   that 

M.D. Ginzel and G.J. Blomquist



235

serve as  contact pheromones   are present in extracts of the cuticles of both sexes, but 
are quantitatively dominant in the appropriate sex. For example, components of the 
female sex  pheromone   of the dipteran face fl y  Musca autumnalis  De Geer ( Z 13:C 27 , 
 Z 13:C 29 , and  Z 14:C 29 ) were more abundant on females than on males (Uebel et al. 
 1975 ). Similarly, a component of the female contact sex  pheromone   of the ceram-
bycid rustic borer  Xylotrechus colonus ,  n C 25 , is also present in extracts of males, but 
in relatively small quantities (Ginzel et al.  2003a ). Moreover, only four compounds 
are unique to the female cuticle, and another three compounds are specifi c to males 
of this species (Ginzel et al.  2003a ). 

 More recently  solid phase microextraction (SPME)   has been used as an alterna-
tive to solvent extraction to identify  CHCs   of insects (e.g.; Liebig et al.  2000 ; Sledge 
et al.  2000 ; Roux et al.  2002 ; Ginzel et al.  2003b ,  2006 ), and reportedly yields sam-
ples that are qualitatively and quantitatively similar to those obtained by solvent 
extraction (Moneti et al.  1997 ; Monnin et al.  1998 ; Bland et al.  2001 ; Tentschert 
et al.  2002 ). This solvent-less sampling technique involves wiping the adsorbent 
 SPME   fi ber over the surface of the cuticle and then thermally desorbing the analytes 
in the heated GC inlet. Because this method primarily samples only those hydrocar-
bons on the surface of the cuticle, it appears that  SPME   samples may yield a more 
representative profi le of  CHCs   that are encountered by potential mates. For exam-
ple, in some  cerambycid beetles    contact pheromones   are relatively more abundant 
in  SPME   samples than solvent extracts (Ginzel et al.  2003b ,  2006 ), suggesting that 
 CHCs   that act as semiochemicals are more abundant on the surface of the cuticle 
where they are more accessible to male antennae (Ginzel et al.  2003b ). Another 
advantage of  SPME   over solvent extraction is that live insects can be non- 
destructively and repeatedly sampled and later used in bioassays – an important 
consideration given the large number of insects required to perform statistically 
robust behavioral bioassays .   

7.4.2     Chirality 

  Many  CHCs   that comprise  contact pheromones   of insects are methyl-branched and 
have the potential to be  chiral   – existing in two or more stereoisomeric forms. 
Despite the important infl uence chirality may play in the mating systems of these 
insects, few studies have investigated the role of  stereochemistry   in  contact chemo-
reception     . Nevertheless, male of the brown spruce longhorn beetle   Tetropium fus-
cum    respond more strongly to solvent-washed female carcasses treated with 
 ( S )-11-methylheptacosane  , the major contact sex  pheromone   component of females, 
than to the ( R )-enantiomer, while males of the eastern larch borer   Tetropium cin-
namopterum    require both  ( S )-11-methylheptacosane   and  ( Z )-9-heptacosene   to dis-
play a full mating response (Silk et al.  2011 ). In the parasitic wasp   Lariophagus 
distinguendus   , males respond to both ( R )- and ( S )-3-methylheptacosane when 
applied to male cadavers (Kühbandner et al.  2012 ,  2013 ), indicating that chirality 
does not play a role in mate recognition for this species. Likewise, males of the 
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Asiatic yellow-spotted longicorn beetle   Psacothea hilaris    respond as strongly to 
both (8 Z ,21 R )- and  (8 Z ,21 S )-21-methyl-8-pentatriacontene  , demonstrating no 
 preference for either stereoisomer (Fukaya et al.  1997 ). The female contact sex 
 pheromone   of the  German cockroach  ,  Blattella germanica  (3 S ,11 S )-3,11-
dimethylnonacosan-2-one, stimulates courtship behaviors in males at very low con-
centrations (Eliyahu et al.  2008 ). Interestingly, at physiological concentrations, the 
natural ( S ,  S )-enantiomer is the least effective of the stereoisomers at eliciting court-
ship behaviors. These studies demonstrate that the infl uence of chirality on the bio-
activity of contact  sex pheromones   varies between species, and that a combination 
of cuticular  hydrocarbons   may be necessary to stimulate courtship and mating 
behaviors. As previously mentioned, a recent polarimetric analysis of 36 pure 
methyl-branched hydrocarbons from 20 species in nine insect orders revealed a con-
served  stereochemistry   across all insects, with all compounds having the ( R )-
confi guration – independent of methyl branch position or chain length (Bello et al. 
 2015 ). Males of the longhorned  beetle     Neoclytus a. acuminatus    recognize females 
by a contact  pheromone   consisting of three chiral components: a most bioactive 
component, 7-methylheptacosane (7-MeC 27 ), and two minor components, 
7- methylpentacosane (7-MeC 25 ) and 9-methylheptacosane (9-MeC 27 ) (Lacey et al. 
 2008 ). Through digital polarimetry, it was recently determined that the absolute 
confi guration of 7-MeC 25  was ( R ) (Hughes et al.  2015 ). In behavioral  bioassays  , 
males responded more strongly to the blend of ( R )-pheromone components, than to 
( R )-7-MeC 27  alone. Also, a blend of ( R )-7-MeC 27  with the ( S )-minor components 
elicited an intermediate response, suggesting that the unnatural enantiomers are not 
inhibitory. In light of this fi nding, it may be that methyl-branched hydrocarbons 
used as semiochemicals are biosynthesized in various stereoisomeric forms, while 
those used for preventing  desiccation   and other purposes exist only in the 
 R- confi guration (Bello et al.  2015 ). Nevertheless, it is unclear how generalizable 
this ability to discriminate the absolute confi guration of methyl-branched  CHCs   
may be. Future work should focus on the infl uence of chirality on the behavior of 
insects that can discriminate the absolute confi guration of methyl-branched  CHCs   
that mediate contact   chemoreception     .  

7.4.3     Colony and Kin Recognition 

 The ability to recognize members and non-members of a group is essential to main-
taining colony structure (van Zweden and d’Ettorre  2010 ), and is central to the 
evolution of social behavior and altruism toward kin in social insects. This behavior 
is almost ubiquitous among eusocial insects and a blend of  CHCs   on the cuticle of 
nestmates serves as recognition cues, and in honeybees it appears that fatty acids 
and esters are also involved (Breed  1998a ; Châline et al.  2005 ; Howard and 
Blomquist  2005 ). 
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  Nestmate recognition   has been recently reviewed for ants, semi-social and social 
wasps, termites and bees (van Zweden and d’Ettorre  2010  and references therein). 
 Nestmate recognition   is thought to involve matching a profi le of colony odor (i.e., a 
chemical nestmate cue) with a cognitive template, and prohibiting entry to those 
alien insects that do not match. In fact, insects display increased aggression toward 
nestmates whose  CHC   profi le has been quantitatively altered by the topical applica-
tion of hydrocarbons because they are perceived as intruders (Takahashi and Gassa 
 1995 ; Lahav et al.  1999 ; Dani et al.  2005 ). Colony size also appears to be an impor-
tant factor infl uencing  nestmate recognition   abilities. In small colonies, individuals 
can learn the  CHC   profi les of nestmates, while in larger colonies it appears that 
individuals are accepted based on their similarity to an average or “Gestalt” odor. 
This average odor is learned by members of the colony and results from sharing of 
individual  CHC   profi les (Crozier  1987 ; Crozier and Dix  1979 ). In honeybees, guard 
bees also accept nestmates by this gestalt colony odor, which results from  CHCs   
secreted by the bees themselves and also acquired from  comb wax   in the nest 
(Couvillon et al.  2007 ).  Comb wax   is a complex mixture of compounds that include 
both fl oral scents and compounds produced by wax glands and alkene hydrocarbons 
(Dani et al.  2005 ), as well as fatty acids secreted by mandibular glands (Breed 
 1998b ; Breed et al.  2004 ). These secretions are under genetic control and, as such, 
different colonies have potentially quite different profi les. 

 In ants,  nestmate recognition   cues from  postpharyngeal glands   are shared by 
 trophallaxis   or by cuticular contact in those species that engage in colony grooming 
(Vander Meer and Morel  1998 ), thereby continuously updating that colony odor 
(Bos and d’Ettorre  2012 ). For example, in the Argentine ant   Linepithema humile   , a 
homogenization of  CHC   profi les has been linked to the erosion of colony boundar-
ies and colony fusion (Vásquez et al.  2009 ). Some termites recognize castes by the 
relative abundances of  CHCs   on the cuticle (Greene  2010 ), while ants are able to 
distinguish tasks of other members of the colony by differences in the  CHC   profi le 
(Wagner et al.  1998 ; Greene  2010 ). 

 Quantitative rather than qualitative differences in  CHC   profi les are used for col-
ony recognition in many insects (Hefetz  2007 ; van Zweden and d’Ettorre  2010 ). For 
example, in the ant   Formica exsecta    different ratios of a set of homologous ( Z )-9- 
alkenes, superimposed on a background of all other  CHCs  , are used for nestmate 
discrimination (Martin et al.  2008 ). Both genetics and the environment can infl u-
ence  CHC   profi les used for  nestmate recognition  . For example, artifi cially induced 
polygyne colonies of the ant   Messor barbarus    have quantitatively different  CHC   
profi les than natural monogynous colonies (Provost et al.  1994 ), providing evidence 
for a queen-derived infl uence on colony odor. Also, diet modifi cations in the ant  L. 
humile , lead to altered  CHC   profi les and increased or decreased aggression between 
colonies (Liang and Silverman  2000 ; Buczkowski et al.  2005 ). Moreover, differ-
ences in nesting substrate of the ant   Leptothorax nylanderi    lead to qualitative dis-
similarities in profi les of  CHCs   that serve as  nestmate recognition   cues and strongly 
affect aggressive interactions between different colonies (Heinze et al.  1996 ). In 
addition to variation between ant colonies,  CHC   profi les within a colony can also 
change over time (Nielsen et al.  1999 ).  
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7.4.4      Task-specifi c Cues   

  Division of labor is essential to colony survival in social insects and requires a high 
level of organization and integration (see Hölldobler and Wilson  1990 ). For exam-
ple, it is well established that ants adjust the number of workers devoted to a given 
task in response to changes in environmental and ecological conditions. Without 
any central control, ants use differences in hydrocarbons to recognize tasks being 
performed by members of the colony and adjust their behavior accordingly. In many 
social insects, individuals recognize workers performing different tasks via cuticu-
lar lipids (Howard et al.  1982 ; Wagner et al.  1998 ; Sevala et al.  2000 ). When inac-
tive workers within the nest of the red harvester ant,   Pogonomyrmex barbatus   , 
encounter an increasing rate of patrollers entering the nest, they initiate foraging 
trips (Gordon et al.  2007 ). However, an increase in the rate of foragers returning to 
the nest does not stimulate foraging behavior unless those ants are carrying seeds, 
indicating an available food resource (Wagner et al.  1998 ; Gordon  2002 ; Greene 
et al.  2013 ). Many of these compounds have methyl branches or other moieties at 
 chiral   centers. However, the absolute confi guration of these compounds has not 
been well studied. In the honey bee,   Apis mellifera   , there is a task-specifi c pattern in 
 CHCs  , particularly in  n -alkanes and alkenes with foragers having an increased 
abundance of  n -alkanes relative to nurse and newly emerged bees (Kather et al. 
 2011 ). Nevertheless, the extent to which these differences are used to distinguish 
task groups within the colony remains unclear. 

 Within social colonies,  CHCs   also mediate the recognition of castes, including 
queens, workers, eggs, and brood. For example, castes of   Reticulitermes    termites 
differ in relative abundance of  CHC   components and members of the same caste 
share quantitatively similar hydrocarbon profi les (Howard et al.  1978 ,  1982 ; Haverty 
et al.  1996 ; Kaib et al.  2002 ). Similarly, castes of the Nevada termite   Zootermopsis 
nevadensis    have differing hydrocarbon profi les (Sevala et al.  2000 ). Cuticular 
hydrocarbons can have primer effects in social insect colonies and indicate fertility 
and dominance (reviewed by Le Conte and Hefetz  2008 ; Liebig  2010 ). In fact, there 
is a correlation between hydrocarbon profi les and fertility in many species across 
broad taxa of social insects (Liebig  2010 ). For example, there are major differences 
in the  CHC   profi les relating to reproductive status in the giant ant   Aphaenogaster 
cockerelli    (Smith et al.  2008 ). A social hierarchy exists within colonies of 
 Dinoponera quadriceps  and the relative concentration of one compound 
( 9- hentriacontene  ) out of a profi le of greater than 80 compounds is associated with 
top-ranking individuals (Monnin et al.  1998 ; Peeters et al.  1999 ) .  

7.4.5     Chemical Mimicry 

  An almost complete reliance on chemical communication for colony organization 
leaves many insect societies vulnerable to chemical deception by intruders (reviewed 
in Dettner and Liepert  1994 ; Lenoir et al.  2001 ; Bagnères and Lorenzi  2010 ). Once 

M.D. Ginzel and G.J. Blomquist



239

past the gatekeepers of a colony, these invaders are afforded a rich supply of stored 
food and nutritious brood, as well as shelter from predators and extreme tempera-
tures. Invaders can gain entry into a colony by being chemically insignifi cant – lack-
ing the chemical cues that are recognized by the host (Bagnères and Lorenzi  2010 ). 
However, their acceptance as member of the colony largely depends on their ability 
to acquire or  mimic   CHC-based species-specifi c cues and colony odors. For exam-
ple, queens of the parasitic wasp   Polistes semenowi    gain entrance into nests of its 
host, the wasp   P. dominulus   , by having a relatively low quantity of  CHCs   (Lorenzi 
et al.  2004 ). Within 2 weeks of host-invasion, however, the  CHC   profi les of the 
parasite-queen perfectly match those of its host (Lorenzi et al.  2004 ). Moreover, the 
 CHC   profi les of   P. sulcifer   , another parasite of   P. dominulus   , undergo dramatic 
changes to match those of the host soon after invasion (Turillazzi et al.  2000 ). 

 Inquilines may acquire  CHCs   responsible for the colony odor of their hosts 
through  trophallaxis  , repeated licking or stroking (e.g., Lenoir et al.  1997 ) or pas-
sive adsorption (Vander Meer and Wojcik  1982 ), thereby camoufl aging them from 
detection (e.g., Dinter et al.  2002 ; Vander Meer et al.  1989 ). For example, the  myr-
mecophilous salticid spider  ,   Cosmophasis bitaeniata   , acquires the colony odor of 
its tree ant host,   Oecophylla smaragdina   , through eating and handling host larvae 
(Elgar and Allan  2004 ,  2006 ). Alternatively, social parasites can mimic host odors 
by synthesizing the host specifi c patterns themselves. For example, the butterfl y 
  Maculinea rebeli    is able to synthesize the compounds of its ant host,   Myrmica 
schencki   , before entering the nest (Akino et al.  1999 ). Likewise, the staphylinid 
beetle   Trichopsenius frosti    has the same cuticular  hydrocarbons   as those of its host 
termite   Reticulitermes fl avipes    and biosynthesizes them (Howard et al.  1980 ). As in 
many inquiline species,  M.    rebeli    uses a combination of strategies to gain access 
into and remain undetected within host nests. In fact, once inside the colony, the 
butterfl y acquires ant  CHCs   to more fi nely tune its  CHC   profi les to match the colony 
odor (Akino et al.  1999 ). There are many examples of non-social inquilines of ter-
mites, ants, and the honey bee (see Bagnères and Lorenzi  2010 ), including colony- 
specifi c differences in  CHC   profi les in the ectoparasitic mite of honey bees,   Varroa 
destructor    (Kather et al.  2015 ; Le Conte et al.  2015 ). 

 Insects other than inquilines are able to mimic  CHCs   in order to deceive social 
insects. A parasitoid of the  black bean aphid   (  Aphis fabae   ) mimics the  CHC   profi les 
of its host and thereby avoids attack by the tending ant species,   Lasius niger    (Liepert 
and Dettner  1996 ). Interestingly, another parasitoid of the  black bean aphid  ,   Trioxys 
anelicae   , does not have  CHCs   that mimic those of its host and is readily preyed 
upon by honeydew-collecting ants. More recently, Endo and Itino ( 2013 ) demon-
strated that the aphid,   Stomaphis yanonis   , actively produces  CHCs   that resemble 
those of the ant  Lasius fuji  that tends to them and provides protection from 
predators  .   
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7.4.6     Infl uence of Diet, Environment and Age on CHC Profi les 

  One key piece of information carried in the cuticle of insects may be nutritional 
status – individuals that have fed on a given food source as larvae may be identifi ed 
by potential mates using olfactory cues from the cuticle. For example, males of the 
 mustard leaf beetle   (  Pheadon cochleariae   ) preferentially mate with females reared 
on the same plant species compared to those reared on a different host, suggesting 
hydrocarbon profi les of the beetles are host-plant specifi c (Geiselhardt et al.  2012 ). 
These changes in the cuticular hydrocarbons lead to assortative mating and behav-
ioral isolation. The mechanism is thought to be either due to different precursors 
(e.g., plant lipids) for hydrocarbon synthesis or plant secondary metabolites that 
interfere with biosynthetic processes (Geiselhardt et al.  2012 ). Similarly, in sympat-
ric host races of the European corn borer (  Ostrinia nubilalis   ), adults that fed upon 
different hosts as larvae (hop-mugwort or corn) had different pheromone blends as 
adults, leading to complete reproductive isolation from one another (Malausa et al. 
 2005 ). 

 Although cuticular hydrocarbons are often the result of biosynthesis, in some 
cases they appear to be acquired from the environment. For example, hydrocarbons 
derived from the environment (e.g., honeydew, nesting material, plant lipids and 
walking substrate) serve as cues for  nestmate recognition   in ants and other social 
insects (see Jutsum et al.  1979 ; Heinze et al.  1996 ; Singer and Espelie  1996 ; Breed 
 1998b ). Cuticular lipids can also be transferred between individuals during court-
ship and mating. Male  tsetse fl ies   (  Glossina  spp.  ) recognize females via a non- 
volatile contact  pheromone   present on their cuticle (Carlson et al.  1984 ). During 
courtship and mating, however, an unusual polymethylalkene is transferred from 
males to the female cuticle and acts as an anti-aphrodisiac (Carlson and Schlein 
 1991 ). As  tsetse fl ies   mate multiple times, this abstinon likely serves to reduce com-
petition by rendering females less attractive to subsequent males they may encoun-
ter (Carlson and Schlein  1991 ). 

 Aging and development have also been demonstrated to infl uence CHC profi les 
in several insect taxa, including fl ies, honey bees, ants and mosquitoes (Goodrich 
 1970 ; Desena et al.  1999 ; Hugo et al.  2006 ; Ichinose and Lenoir  2009 ; Nunes et al. 
 2009 ; Kuo et al.  2012 ). For example, male   D. melanogaster    preferentially mate with 
younger females. Aging leads to an increase in the proportion of longer chain  CHCs   
in both sexes (Kuo et al.  2012 ), suggesting that these age-related changes in CHC 
profi les reduce sexual attractiveness of females. Age-related changes in CHC pro-
fi les of  necrophagous fl ies   have recently found application in  forensic entomology   
to estimate the age of fl y species present on a corpse and more accurately estimate 
the time of death. In the  callophorid fl y     Aldrichina grahami   , for example, there is a 
change in CHC profi les as larvae age, with older larvae having longer chainlength 
hydrocarbons (Xu et al.  2014 ), and larvae of various ages can be discriminated 
based on hydrocarbons present on the cuticle (Xu et al.  2014 ). Age appears to also 
affect CHC profi les of adult blowfl ies, however other biotic factors may infl uence 
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CHC profi les and the application and utility of such changes in forensic investiga-
tions requires further exploration (Pechal et al.  2014 ) .  

7.4.7     Predator/Prey Interactions 

 There is a growing body of evidence suggesting that predators and parasitoids use 
 CHCs   as  kairomones   to identify prey. For example, females of the wasp   Cerceris 
fumipennis    use contact cues to discriminate their buprestid prey from other beetles 
based on the presence of fi ve classes of  CHCs   (Rutledge et al.  2014 ). In fact, it 
appears that the wasps are deterred by  CHC   classes (e.g., dimethyl-branched hydro-
carbons) not found in Buprestidae (Rutledge et al.  2014 ). The egg parasitoid 
  Trissolcus basalis    locates its stink bug host,   Nezara viridula   , by orienting to foot-
print hydrocarbons and can distinguish between male and female hosts based on the 
presence or absence, respectively, of one compound –  n -nonadecane (Colazza et al. 
 2007 ). Conversely, some insects avoid predation on their progeny by detecting 
hydrocarbons of natural enemies and ovipositing elsewhere. The common predatory 
backswimmer,  Notonecta maculata , releases two hydrocarbons,   n -heneicosane   and 
  n -tricosane  , that repel oviposition by the mosquito,   Culiseta longiareolata    
(Silberbush et al.  2010 ).   

7.5     Volatile Polyene Hydrocarbons 

 Volatile  polyene hydrocarbons   and related epoxides and ketones are used as phero-
mone components and sex attractants in the Lepidoptera (reviewed by Millar  2000 ; 
Millar  2010 ) and Coleoptera (reviewed by Bartelt  2010 ). Within Lepidoptera, pher-
omones can be classifi ed into two major groups, Type I and Type II, according to 
their chemical structures (Ando et al.  2004 ). Type I is the most predominant group 
and comprised of straight chain acetates,  aldehydes   and alcohols with chain lengths 
of 10–18 carbons and as many as three double bonds (Millar  2000 ). These com-
pounds are synthesized de novo in pheromone glands. In contrast, Type II phero-
mones appear to be primarily restricted to the families  Arctiidae  ,  Geometridae  , 
 Noctuidae   and  Lymantriidae   and represent ~15 % of known lepidopteran phero-
mones. These polyunsaturated hydrocarbons and epoxy derivatives are products of 
diet-derived unsaturated fatty acids (i.e., linoleic and linolenic acid), and character-
ized by C 12 –C 25  straight chains with double bonds, all in the  Z -confi guration, located 
at carbon 3, 6, 9, 12, or 15 and separated by methylene groups (Millar  2010 ). 
Moreover, the  chirality   of many of these compounds may allow for greater opportu-
nities for species-specifi c messages, including attraction and antagonism to indi-
vidual enantiomers. In Coleoptera, volatile hydrocarbon pheromones can be found 
in the   Phyllotreta  fl ea beetles   (Peng et al.  1999 ; Bartelt et al.  2001 ; Tóth et al.  2005 ), 
the  broad-horned fl our beetle     Gnatocerus cornutus    (Tebayashi et al.  1998 ), and the 
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spruce beetle  Dendroctonus rufi pennis  (Gries et al.  1992 ). However, the most stud-
ied example of hydrocarbons as volatile pheromones is in the  sap beetles   (Coleoptera: 
 Nitidulidae  ), with conjugated trienes and tetraenes serving as long- range phero-
mones in   Carpophilus    and   Colopterus    species (see Bartelt  2010 ). These male-spe-
cifi c compounds all have alkyl branches and are on alternating carbons, with double 
bonds in the  E- confi guration. Future work will likely uncover many examples of 
hydrocarbons serving as volatiles pheromones in this largest and most diverse group 
of insects.  

7.6     Future Directions 

 Based on the explosion of information on the role of cuticular  hydrocarbons   in 
chemical communication that has occurred in the last four decades, it is expected 
that new roles for insect hydrocarbons where a relatively non-volatile signal or cue 
is needed will continue to be found. The recent observation that hydrocarbons serve 
as  aggregation pheromones   in the  convergent lady beetle   to specify overwintering 
sites (Wheeler and Cardé  2014 ) suggest that other, novel functions are yet to be 
discovered. The importance of  chirality   in chemical communication with methyl- 
branched hydrocarbons is just now being explored, and future work will undoubt-
edly address this issue in more depth. Wicker-Thomas et al. ( 2015 ) and Dembeck 
et al. ( 2015 ) used RNAi silencing of a number of genes in   D. melanogaster    to pro-
vide convincing evidence of the importance of a large number of suspected genes in 
hydrocarbon production and future work will certainly involve expressing and char-
acterizing many of these. As more and more insect genomes are sequenced and 
techniques such as the use of  RNA interference   along with expression and cloning 
of key genes involved in hydrocarbon biosynthesis are employed, our understanding 
of these critical processes will undoubtedly increase. A major challenge facing 
insect scientists will be how to take advantage of this information for new and more 
effective insect control techniques.     
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    Chapter 8   
 Peritrophic Matrices                     

     Hans     Merzendorfer     ,     Marco     Kelkenberg    , and     Subbaratnam     Muthukrishnan    

    Abstract     The peritrophic matrix (PM) is an invertebrate intestinal lining, which 
partitions the midgut lumen into separate digestive compartments, lubricates the 
lumenal surface to protect from food abrasion, shields from invasion by pathogenic 
microorganisms and regulates immune responses. It is composed of chitin fi bers 
cross-linked by chitin-binding PM proteins (PMPs) to form a three-dimensional 
meshwork with water-fi lled pores of distinct diameters. Various PMPs and other 
PM-associated proteins have been identifi ed and several of them appear to be essen-
tial for maintaining the structural integrity and physiological function of the 
PM. The PMPs have chitin-binding domains (mostly ChtBD2) and frequently 
mucin-like linker domains that are more or less extensively  O -glycosylated. The 
composition of PMPs largely determines the physicochemical properties of the PM, 
and the  O -glycans of the mucin-like PMPs (also known as invertebrate intestinal 
mucins, IIMs) appear to be essential for lubrication and the control of exclusion 
sizes. Over the past years, much progress has been made in understanding the physi-
ological function of the PM in digestion and innate immunity. This review aims to 
provide an overview on the insect PM with a particular focus on structure-function- 
relationships of the PM components.  

8.1       Introduction 

 Animal nutrition requires an intestinal system, which ensures effective digestion of 
the ingested dietary molecules while preventing invasion of pathogens and para-
sites. To protect the intestinal epithelium, the majority of metazoan species, includ-
ing arthropods and vertebrates, secrete non-cellular layers of a mucous material, 
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which is rich in carbohydrates and exhibits semi-permeable properties. The fi rst 
layer is the  glycocalyx  , which is found on the surface of most eukaryotic and even 
some bacterial cells. It is formed by the carbohydrate moieties of glycolipids and 
glycoproteins. Additional layers may be gel-like, as in case of the  mucus   found in 
the intestine of mammals, or appear membranous with more rigid properties as 
found in sipunculids, molluscs, annelids and arthropods (Lehane  1997 ). In many 
phylogenetic taxa such as insecta, the mucous membrane is reinforced by nanofi -
bers, which are frequently made of chitin. Due to their fast growth rates, insects 
particularly depend on an effective digestive system. The gut is divided into three 
main regions of specialized functions: foregut, midgut and hindgut, which are all 
formed by mono-layered epithelia. While the epithelia of the foregut and hindgut 
are ectodermal, the midgut epithelium is endodermal in origin. The foregut is the 
anatomical structure that the food passes through. Salivary  secretion  s are added that 
help to lubricate the ingested food and initiate digestion. Most of the digestion 
occurs in the midgut where the dietary molecules are broken down into largely 
monomeric units and partially absorbed. In the hindgut absorption of nutritional 
molecules is continued. In addition, this region is specialized in water and ion 
resorption. Regardless of origin and function, all of these intestinal epithelia are 
usually covered by extracellular  secretions   to protect the epithelial cells. Due to 
their ectodermal identities, the foregut and hindgut are covered by cuticular linings, 
which are regularly replaced during molting. In contrast, the midgut of most insects 
is lined by another type of extracellular  secretion  , which is called peritrophic matrix 
(PM). This type of lining had been noted more than 250 years ago by Pierre Lyonet 
in a monograph on the anatomy of the goat-moth caterpillar,  Cossus cossus  (Lyonet 
 1762 ). Similar structures were found in the nineteenth century in many insect orders 
and in other arthropods including species of the subphyla chelicerata, crustacea and 
myriapoda (Peters  1992 ). In most cases, the PM was described as a membranous 
sheath enclosing the food bolus and/or the fecal pellet. Such a PM lining the larval 
midgut epithelium of the red fl our beetle,   Tribolium castaneum    is exemplarily 
shown in Fig.  8.1 . Due to its appearance as a membranous sack surrounding the gut 
content, it was fi rst denominated in 1890 by Édouard-Gérard Balbiani as peritrophic 
membrane (Balbiani  1890 ). This term has been successively replaced during the last 
decades by peritrophic matrix to avoid the misleading term “membrane”, which is 
reserved in biology for lipid bilayers, and emphasize that the PM is an apical extra-
cellular matrix with surprisingly complex characteristics. In a narrower sense, the 
PM is a more solid lining with elastic properties, which can be grabbed with forceps 
(Terra  2001 ). In some cases, however, the  secretion   is highly mucous and gel-like 
and cannot be picked up by forceps. This type of  secretion   was denoted as peri-
trophic gel (PG). From the fi nding that the PG of the anterior midgut of the hide 
beetle,   Dermestes maculatus    cannot be stained with chitin labeling reagents it was 
concluded that it lacks chitin, in contrast to the chitinous PM found in the median 
and posterior parts of the midgut (Caldeira et al.  2007 ). The PGs may mainly consist 
of glycoproteins and are likely to be signifi cantly more permeable than PMs, but 
may be more easily disrupted by rough food particles, which are often ingested by 
insects feeding on dry matters (Terra  2001 ).
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   PMs and PGs are found in most insect orders but are absent in hemipteran and 
thysanopteran insects, which feed on plant saps or animal blood. In these insects, 
the midgut epithelium is equipped with a perimicrovillar membrane (PMMs), which 
prevents direct contact of the microvillar membranes (MMs) with the gut content 
(Silva et al.  2004 ). 

8.1.1     Perimicrovillar Membranes (PMMs) 

 PMMs have been originally described as a second extracellular membrane covering 
the MMs in the midgut of paraneopteran insects. They have been found particularly 
 in planthoppers   (infraorder Fulgeroidea)  and   blood-sucking bugs (suborder 

  Fig. 8.1    The peritrophic matrix of   Tribolium castaneum    larvae. Over a period of 6 days, larvae 
were continuously fed with a wheat fl our diet supplemented with fl uorescent FITC-dextrans pos-
sessing a mass of 2 MDa ( green ). Subsequent to formaldehyde-fi xation, cryosections of 20 μm 
from the abdominal body segments A2–A5 containing the median midgut region were prepared. 
The samples were stained with CBD-Cy3 to label the PM ( red ) and with DAPI to label the nuclei 
of midgut epithelial cells ( blue ). Merged images ( right  panels) show a combination of images of 
the bright fi eld and FITC dextran fl uorescence ( upper two left panels ) or a combination of 
CBD-Cy3, FITC dextran- and DAPI fl uorescence ( lower two left panels  and  middle upper panel ). 
Note, that the PM ( red ) is an effi cient barrier to FITC dextrans ( green ) as no FITC signals can be 
detected in the  ectoperitrophic space   above the midgut epithelium (nuclei stained in  blue ). Scale 
bars, 100 μm       
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heteroptera) (Marshall and Cheung  1970 ; Reger  1971 ; Burgos and Gutierrez  1976 ), 
but are absent in the psocodean orders of lice (Phthiraptera) and booklice (Psocoptera), 
which suggests that they may have evolved from a condylognathan ancestor (Silva 
et al.  2004 ). In addition, PMMs were reported  in thrips   (Thysanoptera) (Kitajima 
 1975 ; Del Bene et al.  1991 ). Originally, PMMs were not identifi ed in cicadas 
(Cicaoidea) and froghoppers (Cercopoidea) (Marshall and Cheung  1974 ), leafhop-
pers (Cicadelloidea) (Lindsay and Marshall  1980 ), and in aphids (Aphididae) 
(O’Loughlin and Chambers  1972 ). But closer evaluation of published data suggested 
that PMM-like structures do also exist in these hemipteran taxa, although in some 
groups such as aphids they seem to be modifi ed to special anatomical characteristics 
such as the apical lamellae in the anterior midgut of aphids, where no microvilli are 
observed (Cristofoletti et al.  2003 ). PMMs have been best studied in the kissing bug, 
 Rhodnius    prolyxus   , the triatomine vector of the Chagas parasite  Trypanosoma cruzi.  
Ultrastructural analyses revealed that the outer membrane extends from the base of 
the microvilli into the gut lumen forming blind-ended tubes. Thereby, they generate 
a closed compartment named perimicrovillar space, which is located between the 
microvillar membrane and the PMM, and may help to partition digestive enzymes 
(Terra  1988 ). As PMMs are essentially free of intramembranous particles, they 
resemble myelin-sheets (Lane and Harrison  1979 ). Differences in the buoyant densi-
ties between microvillar membranes and PMMs allowed the separation of these 
membranes by density gradient centrifugation, and to identify marker enzymes for 
the respective membrane fractions:  α-mannosidase   and  β-glycosidase   in the MMs, 
and  α-glucosidase   in the PMM (Ferreira et al.  1988 ; Silva et al.  1996 ). Next to 
 α-glucosidase  ,  acidic phosphatase   has also been described as a PMM marker in the 
sunn pest  Eurygaster integriceps  (Hemiptera: Scutelleridae) (Allahyari et al.  2010 ). 
Immunocytochemical analyses with antibodies to  α-glucosidase   suggest that in 
 Rhodnius  the PMM originates from fusions of the outer membranes of intracellular 
double-membrane vesicles with the MMs so that inner single-membrane vesicles are 
released that fi nally fuse with the extracellular PMM (Silva and Terra  1995 ). Major 
structural components of the PMM are phospholipids, which are synthesized and 
accumulated in the posterior midgut, as well as lipoproteins and glyoconjugates 
detectable by  lectins   and histochemical reagents. Glyoconjugates residing in the 
PMM have been suggested to function in adherence of trypanosomatids (Alves et al. 
 2007 ). Recently, chitin also has been identifi ed as a component of the  Rhodnius  
midgut and its lumenal projections (Alvarenga et al.  2015 ).  In blood-sucking bugs  , 
PMMs have been suggested to promote  heme detoxifi cation   by inducing the forma-
tion of crystalline  hemozoin   (Silva et al.  2007 ; Oliveira et al.  2007 ). In particular, it 
has been shown that  α-glucosidase  , which resides in the PMMs, is responsible for 
the nucleation of  hemozoin   (Mury et al.  2009 ; Fonseca et al.  2010 ). The PMM of 
phloem plant sap feeding hemipteran insects may have evolved in adaptation to the 
low content of polymeric dietary molecules which may have resulted in a loss of PM 
and  hydrolytic enzymes   associated with digestion in the gut lumen. Essential amino 
acids may be absorbed by potassium coupled symporters residing in the PMM that 
utilizes the electrochemical potassium gradient established by uncharacterized 
active pumps located in the MMs (Terra  1988 ). 
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 Interestingly, the PM seems to be an intestinal barrier for bacteria also in the 
opposite direction as indicated by a study published already in 1932, in which sci-
entists examined the intracellular parasite  Rickettsia    prowazeki    in fl eas that may 
cause epidemic typhus in humans after a fl ea bite (Mooser and Castaneda  1932 ). 
The authors noted that only few  Rickettsiae  were found in gut lumen, although lys-
ing epithelial cells released the bacteria in high amounts. This fi nding was explained 
by the presence of a PMM, which covers the epithelium of the entire stomach and 
holds back the bacteria. This reduces the bacterial load in the feces of fl eas and thus 
lowers the risk of fl ea-mediated infection of humans. In contrast, body lice appear 
to lack this barrier for  Ricksettiae , as high numbers of these bacteria are found in the 
gut content, increasing the infectivity of lice feces.  

8.1.2     Peritrophic Matrices and Gels (PMs and PGs) 

 In contrast to PMMs, PMs are found in most insects that have been carefully ana-
lyzed for their presence. They have been reported in many insect orders except for 
Hemiptera, Thysanoptera, and adult lepidopteran insects, which feed only on plant 
saps and blood, as well as in the coleopteran families Carabidae and Dytiscidae, 
which exhibit extra-intestinal digestion. In addition, PM appears to be absent in 
Strepsiptera, Raphidioptera and Megaloptera (Peters  1992 ). Some of the initial 
reports on the absence of a PM in particular insect species were corrected later, 
because either the particular stage of the insect that was inspected lacked a PM, or 
the PM was solubilized during fi xation. In the yellow fever mosquito ( Aedes 
aegypti ), for instance, a PM is not detectable in pupae, in adult males or in unfed 
young female adults. However, shortly after female mosquitoes ingested a blood 
meal, a PM is formed around the blood bolus, which is different from that formed 
in the larval gut (Richards and Richards  1977 ). Since the fi rst description of the PM 
and subsequent reports of its presence in many arthropods in the nineteenth cen-
tury, insect physiologists have made signifi cant progress in understanding structure 
and function of the PM and summarized available data in several excellent original 
papers and reviews. Wigglesworth ( 1930 ) collected available histological data to 
propose mechanisms on the formation of the PM, particularly focusing on the mid-
gut of mosquito larvae but also summarizing data from other main insect orders. 
Next, Waterhouse ( 1953 ) analyzed the occurrence of the PM in insects based on 
chitin-detecting tests, and tried to fi gure out its possible role in digestion 
(Waterhouse  1957 ). In his text book, Werner Peters provided a comprehensive 
view on the structure and function of the PM based on the data available to this date 
(Peters  1992 ). Jacobs-Lorena and Oo ( 1996 ) summarized data on PM function for 
mosquito vectors. In his review, Lehane ( 1997 ) extended existing ideas on PM 
functions particularly based on PM  permeability   and fi ltration properties. Tellam 
et al. ( 1999 ) provided deeper insight into structure and functions of the proteins 
that associate with the PM. They were also the fi rst to categorize PM-associated 
proteins based on their extractability, and systematically analyzed their domain 
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architecture. Finally, Hegedus et al. ( 2009 ) published the most recent review on 
PM structure and function and suggested a holistic model on  the   structure-function 
relationships in PMs. 

 In this review, we will focus on the physicochemical properties and the physio-
logical functions of PMs in digestion and innate immunity. We will further discuss 
current hypotheses on  the   structure-function relationships of chitin  nanofi ber   s   and 
PM-associated proteins.   

8.2     Structural Components of the PM 

 Depending on the physiological context, the PM is composed of varying constitu-
ents that confer characteristic properties needed for its respective function. In addi-
tion to  chitin nanofi bers     , which form a fi brillar meshwork, proteins and glycoproteins 
are structural elements of the PM (Fig.  8.3 ). 

 It is assumed that the  chitin content   of the PM ranges between 3 and 13 % (w/w) 
depending on the respective species, while the proteinaceous part accounts for 
20–55 % (w/w) of the total PM mass (De Mets and Jeuniaux  1962 ; Ono and Kato 
 1968 ; Zimmermann et al.  1975 ; Becker  1980 ). The glycan moieties of glycopro-
teins and proteoglycans may represent the remaining portion of the PM. Although 
there are numerous approaches addressing the interplay of the different compo-
nents, it still remains speculative how they exactly interact and in which way they 
infl uence one another. 

8.2.1     Chitin Nanofi bers 

 As structural  components      of the PM, chitin nanofi bers serve as binding sites for 
various PM-associated proteins resulting in a chitinous meshwork embedded in a 
proteinaceous matrix (Fig.  8.3 ). The chitin fi bers are thought to confer tensile 
strength to the PM (Dinglasan et al.  2009 ; Peters  1992 ). Single chitin chains are 
synthesized from  UDP- N -acetylglucosamine  s to form a polymer of β-1,4-linked 
  N -acetylglucosamines   (GlcNAc) (Merzendorfer  2006 ). This reaction is catalyzed 
by a membrane-integral family II glycosyltransferase known as  chitin synthase  , 
   which is specifi cally expressed in the  columnar cells   of the midgut epithelium 
(Zimoch and Merzendorfer  2002 ; Arakane et al.  2005 ; Hogenkamp et al.  2005 ; 
Zimoch et al.  2005 ). UDP-GlcNAc is generated from the glycolysis intermediate 
 fructose-6-phosphate   in a cascade of reactions that involves different enzymes 
(Merzendorfer and Zimoch  2003 ). The active form of the  chitin synthase   is sup-
posed to form an oligomer as demonstrated for the enzyme from the tobacco horn-
worm,      Manduca sexta    (MsCHS2).    The assembly into an  oligomeric complex   of 
several catalytic units, which simultaneously secrete chitin polymers, may be cru-
cial during fi brillogenesis to  form   chitin nanofi bers (Maue et al.  2009 ). The catalytic 
center of the  chitin synthase   faces the cytosol. Here, single GlcNAc monomers are 
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successively added to the non-reducing end of the elongating chitin chain. Finally, 
the polymer is predicted to pass through a pore formed by transmembrane domains 
to reach the extracellular space where it assembles with other polymers secreted by 
neighboring catalytic units (Merzendorfer  2006 ,  2013 ; Muthukrishnan et al. 2016, 
this volume).    Therefore,    it seems likely that polymerization, translocation and fi bril-
logenesis are tightly coupled processes (Merzendorfer  2013 ). In this way, about 20 
chitin chains assemble into a nanofi ber with a resulting diameter of 2–6 nm and a 
length of up to 500 nm or even longer (Lehane  1997 ).    Chitin nanofi bers frequently 
are organized into microfi brillar bundles in the PM with diameters of about 20 nm 
(Peters et al.  1979 ; Kramer et al.  1985 ; Peters  1992 ). There are three isomorphs of 
chitin, which differ with respect to the orientation of sugar chains relative to one 
another.  α-Chitin  , which consists of antiparallel chitin chains, appears to be present 
in regular PM structures and shows the  highest   thermodynamic stability as a conse-
quence of the large number  of   hydrogen bonds formed between chitin chains 
(Tristram  1977 ,  1978 ; Jang et al.  2004 ). In  β-chitin  , single chitin chains are oriented 
in a parallel  manner   resulting in a more fl exible structure, which may incorporate a 
large number of water molecules. Some insects use this form of chitin for a PM, 
which is designated to spin the cocoon for pupation. In this case, the PM changes 
from a tube to a fl at yarn which emerges from the anus and is used to spin the 
cocoon.  γ-Chitin  , which is also found in the PM of some insects, is assembled of 
 alternating   α- and  β-chitin   variants (Rudall and Kenchington  1973 ; Tristram  1977 ; 
Jang et al.  2004 ).    It should be noted that there is a lack of structural studies that 
would clarify which type of chitin is commonly present in the PM of  insects  .  

8.2.2     Proteins Loosely Associated with the PM 

 The PM  interacts   with a large number of different proteins serving various func-
tions. Structural proteins of the PM are fi rmly associated with the chitin fi bers and 
frequently possess high affi nity chitin-binding domains. Many other proteins are 
not permanently required to be in direct contact with the PM, and they are only 
loosely associated with it. Tellam et al. ( 1999 ) proposed four classes of PM-associated 
proteins considering their extractability using different buffers. According to this 
classifi cation, class  I   and II proteins are only loosely associated with  the   PM, and 
they represent less than 1 % and 2 % of the total mass of PM-associated proteins 
from larvae of the Australian sheep blowfl y,   Lucilia cuprina   , respectively. Class  I   
PM-associated proteins may be simply trapped within the PM, because physiologi-
cal buffers are suffi cient to remove these proteins from the PM. Many digestive 
enzymes passing through the PM might fall into this class. The binding affi nity  of   
class  II   PM-associated proteins is more pronounced but still comparably weak, 
because these proteins can be removed with mild detergents such as SDS, which 
disrupt weak ionic interactions. Some digestive enzymes may also group here, as 
they have been shown to interact with the PM (Terra et al.  1979 ; Walker et al.  1980 ; 
Peters and Kalnins  1985 ; Ferreira et al.  1994a ; Jordao et al.  1996 ; Rose et al.  2014 ). 
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In the fall armyworm,   Spodoptera frugiperda    the activity of PM-bound trypsin 
accounts for 18 % of the total enzyme activity in the midgut (Ferreira et al.  1994b ). 
In this case, it is assumed that  electrostatic interactions   play a role due to the fact 
that  positively   charged trypsin was found to be associated with the negatively 
charged PM. Furthermore, digestive enzymes, which do not exhibit positive charges, 
could be immobilized by hydrogen bonds or more specifi c interactions (Jackson 
et al.  1991 ; Hardingham and Fosang  1992 ). Weak interactions were also demon-
strated for enzymes involved in chitin modifi cations which may occur in the con-
texts of facilitated digestion or defense responses  against   ingested pathogens (Shen 
and Jacobs-Lorena  1997 ; Guo et al.  2005 ; Toprak et al.  2008 ; Rose et al.  2014 ). All 
these enzymes are only needed under feeding conditions or when pathogens are 
present. To date, it is unknown which types of intermolecular interactions mediate 
binding of proteins to the  PM  .  

8.2.3     Proteins Tightly Associated with the PM 

 Most of  the   PM-associated proteins are fi rmly attached to the PM. According to the 
classifi cation of Tellam et al. ( 1999 ), they belong to class  III   and class  IV   of 
PM-associated proteins which represent 11 % and 87 % of all larval PM-associated 
proteins in  L.    cuprina   , respectively. The removal of class  III   proteins requires strong 
denaturants like urea, and due to their tight binding, class  III   proteins also have been 
denoted as PM proteins (PMPs). Class  IV   PM-associated proteins are supposed to 
be covalently bound,  as   even harsh treatments do not release them from the 
PM. Corresponding  crosslinking   reactions could involve phenoloxidases and  trans-
glutaminase  s, which have been detected in the midgut of insects. The multicopper 
oxidase-3 from the malaria transmitting mosquito,   Anopheles gambiae   , for instance, 
was shown to be associated with the PM, where it may crosslink toxic compounds 
to the PM for excretion (Lang et al.  2012 ).    A  transglutaminase      has been recently 
shown to crosslink the  drosocrystallin  , a PM protein from the fruit fl y,   Drosophila 
melanogaster   , to form a stable fi ber structure on the PM (Shibata et al.  2015 ). 

 Although the number of proteins being integral components of the PM can reach 
up to 40 different molecules,    in most species  the   PM possess no more than 12 PMPs 
 with   chitin binding domains (CBDs) containing 6–10 conserved cysteines (see 
below). Most of them have molecular masses of up to 100 kDa, and some even 
reach 220 kDa (Lehane  1997 ). Numerous PMPs possess also cysteine residues in 
non-CBD regions. These cysteines have been suggested to contribute to protein- 
protein crosslinking by forming  intermolecular disulfi de bridges   in order to tighten 
 the   structural integrity of the PM (Hegedus et al.  2009 ). 

 Based on sequence homologies, numerous PMP- encoding genes   have been iden-
tifi ed in the genomes of various insects (see Tetreau et al.  2015  and references 
therein). In addition, they have been found in several PM-derived proteomes using 
mass spectrometry (Campbell et al.  2008 ; Hu et al.  2012 ; Toprak et al.  2015 ). All 
members of  the   PMP family of proteins exhibit a signal peptide for  secretion  . Their 
binding to the chitin fi brils of the PM is mediated by CBDs, which exhibit six, eight 
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or ten  conserved cysteine residues  . These domains, which belong to the carbohy-
drate binding module 14 family (CBM-14), are referred to as  peritrophin   A, B, or C 
domains, respectively (Tellam et al.  1999 ). The  peritrophin-A domain   (or  alterna-
tively   called chitin binding domain 2, ChtBD2) is the predominant CBD in arthro-
pods and is found in numerous proteins which associate with chitin including 
cuticular proteins analogous to  peritrophins   (CPAPs) and PMPs (Barry et al.  1999 ; 
Behr and Hoch  2005 ; Jasrapuria et al.  2010 ). A single ChtBD2 typically comprises 
60 to 70 amino acids forming alternating β-sheets. It contains six cysteine residues 
in a motif with the conserved  consensus sequence   CX 11–30 CX 5–6 CX 9–24 CX 12–17 CX 6–

12 C (X represents an arbitrary amino acid except cysteine) (Tetreau et al.  2015 ). The 
regions between the conserved cysteines are also highly conserved (Tellam et al. 
 1999 ; Cantarel et al.  2009 ). ChtBD2 forms a chitin- binding    pocket  , which is stabi-
lized by three disulfi de bridges formed between pairs of cysteine residues. At the 
core of the pocket, there  are   two hydrophobic and aromatic amino acids that medi-
ate interactions with chitin chains via hydrogen bonding. Next to the binding pocket, 
a special ternary structure at the  C -terminal end of the CBD, which is composed of 
two antiparallel β-sheets and a short α-helix in 3′-direction, is stabilized by a disul-
fi de bridge (Asensio et al.  1998 ). 

 PMPs show a large variation in the  number of CBDs  . While some PMPs have 
only a single ChtBD2,    others contain up to 19 of these domains. After expression 
and  secretion   into the  ectoperitrophic space  , some of the PMPs may be processed by 
tryptic cleavage resulting in smaller units with a decreased  number of CBDs  , 
because many PMPs possess trypsin cleavage sites downstream of CBDs. These 
fragments are believed to be integrated into the PM (Shi et al.  2004 ; Wang et al. 
 2004 ; Ferreira et al.  2008 ). In addition to structural PMPs, there are also proteins 
with catalytic functions with a ChtBD2 that bind to chitin.    Enzymes involved in 
chitin metabolism such as chitinases and  chitin deacetylases   have been shown to 
belong to this group (Kramer et al.  1993 ; Campbell et al.  2008 ; Dixit et al.  2008 ; 
Zhu et al.  2008 ). These enzymes are assumed to modify PM properties, like porosity 
and  permeability  , according to the actual physiological requirements (Shen and 
Jacobs-Lorena  1997 ; Toprak et al.  2008 ). 

 PMPs with ChtBD2 domains  can   be subdivided into two large groups depending 
on the extent of glycosylation:    non-mucin-like proteins, which may be  N -glycosylated 
to some degree, and mucin-like proteins, which typically include  Ser/Thr-rich linker 
domains   that have been implicated in   O -glycosylation   generating large glycopro-
teins and proteoglycans. However, reliable data on glycosylation exists for only 
some PMPs. The vast majority of PMPs have not been analyzed for glycosylation, 
let alone having been examined for the degree or kind of glycosylation. Therefore, 
the distinction  between   these two classes of PMPs is uncertain. 

8.2.3.1     Non Mucin-Like PMPs 

 Non-mucin like PMPs may constitute only a small group of PMPs, as many of the 
PMPs contain Ser/Thr/Pro-rich domains that are presumably glycosylated. However, 
it has to be emphasized that despite the fact that non-mucin like proteins lack such 
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Ser/Thr/Pro-rich domains, they yet may be glycosylated at Asn residues, which 
appears to account for many proteins secreted into the midgut lumen. Among the 
fi rst PMPs described were  non-mucin-like proteins  , including the  peritrophins   44 
and 48 from  L.    cuprina   , which are expressed exclusively by  cardia   cells of the lar-
vae (Elvin et al.  1996 ; Schorderet et al.  1998 ). In  T.    castaneum   , only two PMPs 
(TcPMP3 and TcPMP5-B) have marked  Ser/Thr-rich linker domains   with long 
repeats, which are extensively glycosylated and largely determine PM  permeability   
(Agrawal et al.  2014 ). The nine remaining PMPs from  T.    castaneum    do not possess 
linker domains with long unbroken Ser/Thr-rich repeats, and thus can be assumed 
to be  O -glycosylated to a lower extent. While TcPMP5-B has for instance eight Ser-
rich motifs with at least 9–14 consecutive serine repeats, there are no regions in 
TcPMP5-A that contain more than three Ser or Thr residues. As RNAi silencing of 
the corresponding genes for non-mucin-like PMPs did not result in nutritional defi -
ciencies, developmental retardation or mortality, a secondary or redundant role in 
maintaining PM integrity may be depicted for them. In some cases, however, RNAi-
mediated effects of different kinds were yet observed. Their explanation may turn 
out to be more subtle. For instance, after parenteral RNAi for  TcPMP1-C , the num-
ber of eggs laid by females was signifi cantly reduced (Agrawal et al.  2014 ). It is 
possible that this could be due to slightly impaired digestion not affecting the nutri-
tional state of the mother but rather the development of eggs, which is more sensi-
tive to minor changes in energy stores.  

8.2.3.2     Mucin-Like PMPs 

 The majority of mucin-like  PMPs   may possess covalently attached glycans with 
higher molecular masses. There is a great diversity in the kind of sugar residues and 
their content within the glycans (Derksen and Granados  1988 ; Dorner and Peters 
 1988 ; Rudin and Hecker  1989 ; Ramos et al.  1994 ; Lehane et al.  1996 ). The fi rst 
PMP with a large attached glycan was identifi ed in the cabbage looper,   Trichoplusia 
ni   , and named invertebrate  intestinal   mucin (IIM) (Wang and Granados  1997b ). This 
term refl ects the fact that glycoproteins attract large amounts of water molecules 
creating  a   mucus-like environment in direct proximity of the PM. This resembles 
the glycoprotein (mucin)- containing   mucus which covers digestive and respiratory 
epithelia in vertebrates. The IIM from  T. ni  harbors fi ve CBDs being distributed in a 
specifi c pattern. One CBD is located at the  N - and another at the  C -terminal end of 
this protein. The three remaining CBDs form a cluster in the middle part of the pro-
tein. It is framed by Pro, Ser and Thr enriched motifs ( mucin domains  ) with repeats 
of 4–27 of these amino acids acting as   O -glycosylation   sites (Wang and Granados 
 1997a ). The overall structural organization of  the   mucin domains was confi rmed  in 
  subsequent studies (Sarauer et al.  2003 ; Shi et al.  2004 ). A common characteristic of 
 the   mucin domains from the IIMs described so far is that more than 80 % of their 
Ser, Thr, and Pro residues are  O -glycosylated.    Reports that the glycans contribute up 
to 50 % to the total mass of IIMs match these fi ndings (Wang and Granados  1997a ; 
Shi et al.  2004 ; Agrawal et al.  2014 ). The high degree of glycosylation separates 
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IIMs from other glycoproteins with signifi cantly smaller number of sugar attach-
ments. In addition to  O -linked glycans, there are also PMPs with long stretches of 
Asn residues providing the basis for large N-linked glycan moieties (Vuocolo et al. 
 2001 ; Schorderet et al.  1998 ). The special composition of IIM glycans is most accu-
rately described by the term  glycosaminoglycans (GAGs)  . At the basal core they 
 possess   two β-1,4-linked  N - acetylglucosamine   residues (Lehane  1997 ). At the next 
level, these are followed by different disaccharides branching at multiple levels. 
This architecture of numerous different orders enables the synthesis of widely 
branched and  extended   GAGs. One unit of the disaccharides is always a hexosamine 
and the remaining unit is represented by a  uronic acid   (D-glucuronic acid or idu-
ronic acid) (Lehane  1997 ; Zhang et al.  2012 ). Due to their large size, the glycan 
moieties of IIMs occupy a signifi cant portion of  the   interstitial volumes in the chitin 
meshwork of the PM. Thus, space fi lling by glycans appears to be a crucial param-
eter, which determines the  exclusion size   of the PM making glycosylated PMPs, like 
IIMs, important elements of the PM architecture. Experimental evidence for this 
hypothesis has been recently provided using RNAi to knock-down the genes for two 
IIM-like PMPs in  T.    castaneum    larvae, which resulted in a signifi cant increase in 
PM  permeability   for  fl uorescein isothiocyanate (FITC)-dextrans   that are completely 
retained in the  endoperitrophic space   under control conditions (Agrawal et al.  2014 ). 
The PM may be considered as a  semipermeable   matrix, which controls particle and 
molecule traffi cking  between   the endoperitrophic and the  ectoperitrophic space   of 
the midgut. Therefore,  its   permeability is of enormous physiological signifi cance 
for proper digestion and defense against intruding pathogens. 

 Due to carboxylic and sulfate side chains of the sugar residues in the GAGs, the 
net charge of the PM is negative (Kjellen and Lindahl  1991 ). Therefore, strong ionic 
interactions can be assumed to be present at the PM caused by the high glycan den-
sity and  resulting   van der Waals forces, which may chemically support the discrimi-
nation between different molecules (Hegedus et al.  2009 ). Accordingly, 
negatively-charged molecules are restricted to the  endoperitrophic space   due to 
electrostatic repulsion, while positively-charged molecules are facilitated in cross-
ing the PM in case of close proximity as demonstrated after ingestion of calcium 
ions (Miller and Lehane  1993 ; Walski et al.  2014 ). The fi nding that  a   change from 
 pH   7.3 in the anterior midgut to 6.3 in the posterior midgut of tsetse fl y,   Glossinia 
morsitans morsitans    leads to an increase in anionic charge density within the PM 
provides further evidence for this relationship (Wigglesworth  1929 ; Lehane et al. 
 1996 ). Although alkaline phosphatase secreted by midgut cells of the tsetse fl y has 
a net negative charge  at   pH 6.3,  the   pH gradient in the gut did not result in any 
alterations of the enzyme’s ability to migrate through the PM. Obviously, the PM 
distinguishes between exo- and endogenous molecules (Miller and Lehane  1993 ). 
 Electrostatic interactions   may be used in this way by numerous insects  showing 
  specifi c gradients  of   pH and ionic concentrations along the midgut from anterior to 
posterior. This could support the adaptation  of   permeability conditions to different 
physiological requirements (Hegedus et al.  2003 ; Fazito do Vale et al.  2007 ). 

 Since CBDs could recognize the two β-1,4-linked GlcNAc residues at the core of 
GAGs, PMPs may not only be able to interact with chitin fi brils, but also directly 
with each other and with different glycoproteins and proteoglycans. By this means, 
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a network of interconnected proteins can be established (Dorner and Peters  1988 ; 
Lehane et al.  1996 ; Wang and Granados  1997b ). The repeats of proline residues in 
 the   mucin domain may not only serve as   O -glycosylation   sites, but also enable the 
formation of β-turns.    As a consequence, the carbohydrates are forced to face out-
wards due to their large size and electrostatic repulsion. Within this structure, the 
glycans enwrap the protein portion completely. This results in a very rigid structure 
protecting the whole PM not only from proteolytic but also from chitinolytic degra-
dation, as the chitin  fi bers   represent the innermost structure of the PM (Wang and 
Granados  1997b ). 

 Serine proteases, particularly trypsins and chymotrypsins, are highly abundant in 
the alkaline midgut of the bertha armyworm,   Mamestra confi gurata   . In order to 
protect midgut epithelial cells from endogenous proteolytic attack,    mucin domains 
lack amino acids that are typically present in the cleavage sites for  these   enzymes 
(Hegedus et al.  2003 ). In this way, the harmful impact of numerous pathogens, 
which release trypsins and chymotrypsins after they have invaded the digestive 
tract, is avoided. Additionally, glycosylated PMPs protect the organism from infec-
tions. Regarding these fi ndings, there are two major functions of insect  mucins  : 
maintenance of PM integrity and protection of the midgut epithelium from environ-
mental impacts. Comparable functions have been described for  mucins   in verte-
brates (Perez-Vilar and Hill  1999 ). 

 Another group of glycosylated proteins present in insect PMs are proteoglycans. 
They differ from glycoproteins as their GAGs are much more extended and infl ex-
ible, and they never exhibit branched formations. The long sugar chains may form 
randomly coiled structures, which project far into the  endoperitrophic space   (Lehane 
 1997 ). Proteoglycans exhibit a strong negative charge due to the high abundance of 
carboxylate and sulfate groups attached to the sugar side chains. Consequently, 
large amounts of cations are attracted to these ionic groups followed by passive dif-
fusion of water molecules largely accumulating in the PM. This results in a gel-like 
structure exhibiting a high internal turgor pressure enabling the PM to resist strong 
compressive forces (Jackson et al.  1991 ). The rigid and tensile chitin network of the 
PM is counteracting this pressure (Hardingham et al.  1990 ). This balanced interplay 
of structural elements and forces assures a high degree of mechanical stability of the 
PM. The attracted water additionally causes a solvent drag resulting in an accumula-
tion of dissolved dietary molecules at the lumenal surface of the PM (Drioli et al. 
 1976 ). This could signifi cantly accelerate digestion, as digestive enzymes access 
their substrates more rapidly due to their high concentrations at the respective loca-
tion. Thus, enzyme activities may be highly increased in such a situation (Lehane 
 1997 ). An additional advantage of a hygroscopic PM is an accelerated dehydration 
of watery diets of insects feeding on fl uids, as the water is removed more effectively 
from the midgut while passing through the PM. The gel-like texture of the PM also 
serves as a lubricant for the food bolus passing through the midgut from the anterior 
to the posterior end, thus protecting the midgut epithelium from mechanical damage 
(Perez-Vilar and Hill  1999 ). 

 Due to their large dimensions, GAGs of glycoproteins and proteoglycans are 
crucial for PM architecture, as they are one of the main factors determining  its   per-
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meability (Nisizawa et al.  1963 ; Stamm et al.  1978 ; Lehane et al.  1996 ). It is 
assumed that glycan attachments generate a tortuous network of  water-fi lled chan-
nels  , which take up molecules that can enter these channels being supported by 
 hydrostatic interactions  . Apparently, this provides the ability to discriminate 
between different molecules by size exclusion (Laurent  1964 ,  1970 ). If there is a 
transversal path for large molecules, they may fail to enter the narrow channels and 
therefore will move faster through the PM than small molecules, which laterally 
diffuse into the tubular network. The opposite situation occurs in a structurally less- 
organized PM. With increasing dimensions of the interstitial spaces, the organiza-
tional degree of the channel structure decreases and large molecules are no longer 
able to migrate faster through the gel matrix than smaller ones. It is conceivable that 
the structural organization of the PM can be modifi ed for adaptation to actual physi-
ological demands. Alterations of the ionic composition of the solution surrounding 
the PM affect the fi xed charge density of GAGs. This in turn would favor small 
molecules to move faster through the PM, which is a consequence of a lesser hin-
drance by GAGs (Laurent  1964 ,  1970 ).    

8.3     PM Formation and Assembly 

 Insect PMs exhibit great structural diversity, which likely refl ects evolutionary 
adaptations to different food sources and other physiological and/or immunological 
challenges. According to the arrangement of  microfi brillar textures  , which can be 
visualized by ultrastructural microscopy, Peters ( 1992 ) proposed three structural 
types: orthogonal, hexagonal and random felt-like arrangements (Fig.  8.2 ). 
According to the mode of  delamination  , the linings were categorized as type  I   and 
 type II   PMs (Wigglesworth  1930 ). Type I PMs are produced by the entire midgut, 
while  type II   PMs are formed by a specialized zone in the anterior midgut. This is 
in contrast to the nomenclature used by Waterhouse ( 1953 ), who named these two 
types of categories in the opposite sense, but this nomenclature has not been adopted 
in the fi eld.    Type I  delamination   is considered to be the ancestral mode of PM for-
mation and is widely distributed among insects, while  type II    delamination   seems to 
be a derived mode, which is restricted to a few insect orders. Interestingly, there is 
no correlation between the PM types and the ultrastructural arrangement of the 
microfi bers.

8.3.1       General Modes of PM Assembly 

 Generally, there are many variations in the mode of PM formation in insects, and 
sometimes the mode of PM formation falls between these two categories. In addi-
tion, it is striking that some insects produce different types of PMs at different 
developmental stages. For instance, mosquito larvae form a  type II   PM, while adults 
produce a type I PM in response to a blood meal (Richards and Richards  1971 ). 
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8.3.1.1     Type I PM 

 Type I  PMs   are delaminated from the surface of either the entire midgut or at least 
larger parts of the midgut epithelium to form concentric multi-layered sleeves. Their 
 secretion   is usually stimulated in response to feeding as observed for instance in 
female mosquitoes, but it can also be formed continually as in locusts. In the migra-
tory locust,   Locusta migratoria    pulses of PM  secretion   occur every 15 min through-
out feeding. As the PM is thought to move to the posterior part of the midgut while 
the next PM layer is secreted, multiple concentric layers are formed. If several indi-
vidual PM layers are present, the whole structure is called  peritrophic envelope  . 
   This structure can adopt the shape of a telescope as the inner PM layers continu-
ously move posteriorly with the food bolus. As a consequence, the newest layers are 
missing in the more anterior regions. This kind of PM organization is well described 

  Fig. 8.2    Textures of chitin fi bers found in PMs of various insects ( a – d ) and model of PM synthe-
sis and  delamination   (E-H). Random felt-like ( a ), orthogonal ( b ), triangular ( c ), and hexagonal 
architectures of the chitin fi bers in the PM of various insects. The diameter of microvilli is indi-
cated by red circles within the hexagonal texture. Chitin synthesis is localized at the apical tips of 
microvilli of midgut  columnar cells   forming a chitinous meshwork between the microvilli ( e ). 
Secretory vesicles loaded with PMPs fuse with the plasma membrane at the base of the microvilli 
and release PMPs into the intermicrovillar space, where they diffuse and fi nally bind  chitin nano-
fi bers      and orchestrate PM assembly ( f ). The PM detaches from the microvillar array resulting in a 
PM with pores that correspond to the diameter of the microvilli ( g ). The PM may also delaminate 
in a process that resembles  microapocrine secretion  , as there is a small loss of cytoplasm due to the 
blebbing of the apical microvilli tips ( h ). In addition,  apocrine secretion   of PM material may occur 
with the formation of larger blebs with double-membranes that disintegrate to release fi brous mate-
rial (not shown)       
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in the American cockroach,   Periplaneta Americana   , where the number of concen-
tric PM layers comprises at least ten individual sheets (Lee  1968 ). 

 Type I  PMs   have been primarily studied in lepidopteran larvae and adult hema-
tophagous dipteran species. However, they are also found in many insect orders 
including Ephemeroptera, Odonata, Dictyoptera, Coleoptera, Orthoptera, and 
Hymenoptera (Waterhouse  1953 ; Peters  1992 ). In most lepidopteran species, the 
PM is secreted along the entire midgut, and it exhibits a felt-like structure of ran-
domly organized fi brils. This is, for instance, the case in  M .   sexta   , where the PM 
forms a thin multilayered lining in the anterior region of the midgut, whereas in the 
middle and posterior midgut multiple layers are observed (Hopkins and Harper 
 2001 ). In some lepidopteran larvae, however, different types of organization and 
modes of  delamination    were   reported. In the European corn borer,   Ostrinia nubila-
lis   , the single-layered PM of the anterior region of the midgut fi brils forms an 
orthogonal network. As the food moves to the posterior region, a multi-layered PM 
appears with some layers particularly thicker than others (Hopkins and Harper 
 2001 ). In the tobacco budworm,   Heliothis virescens   , the PM is secreted primarily 
from specialized midgut epithelial cells residing at the junction of the foregut and 
midgut resembling the situation of  type II   PMs (Ryerse et al.  1992 ). The overall 
structure of  the   PM may also change according to different nutritional conditions. 
In  M.    confi gurata   , for example, the PM of feeding larvae is comparably thin and 
comprised of 5–10 layers, while the PM-layers thicken during the mid-molt stage 
almost fi lling the entire gut lumen (Toprak et al.  2014 ). In mosquitoes, a type I PM 
is secreted only by females stimulated by ingestion of a blood-meal (Richards and 
Richards  1971 ). Finally, there are also reports which indicate that only the middle 
and posterior parts of the midgut are involved in the formation of a type I  PM  . This 
situation was observed in adult culicine mosquitoes and some lepidopterans, as well 
as in the ant lion (Neoptera) and in some coleopteran species producing a PM-derived 
cocoon (Lehane  1997 ).  

8.3.1.2     Type II PM 

  Type II PMs   are formed likely in a self-assembly mechanisms by the  cardia   (also 
termed  proventriculus  ), a specialized folding of the anterior midgut and the foregut 
which is exceptionally resistant to mechanical stress (Wigglesworth  1930 ), which 
forms a continuous sleeve of 1–3 more highly organized layers (Peters  1992 ). Its 
occurrence is restricted to Diptera, Dermaptera, Embiodae and some families of 
Lepidoptera. However, some authors also consider the PMs of particular coleop-
teran species such as the weevils  Clionus  and  Cleopus  and the spider beetle  Ptinus  
 as   type I PMs,    because they are produced by constrained gut regions (Peters  1992 ). 

 A detailed ultrastructural study analyzed PM  secretion   by  cardia   cells in  L.  
  cuprina    larvae. Separate components have been identifi ed that cooperate in PM 
formation within the cardia: rings of secretory cells (formation zone), which 
secrete chitin and PM-associated proteins, and a non-secretory tissue ( valvula 
cardiaca  ), which assists in PM  delamination   and passage (Binnington  1988 ). 
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The  cardia   of the of the anterior midgut epithelium from the European earwig, 
  Forfi cula auricularia   ,    produces a two-layered PM. Here, the  cardia   consists of 
two larger annular folds, of which the interior part of the fi rst fold secretes the 
inner PM layer with an orthogonal texture structurally resembling  a   type I 
PM. The second annular fold forms a thick PM layer with random fi bril orienta-
tion, which constitutes the outer  peritrophic envelope  . Several studies have 
focused on  type II PM   formation in mosquito larvae, where the PM forms a thin, 
transparent and tubular fi lm (Wigglesworth  1930 ; Richards and Richards  1971 ; 
Edwards and Jacobs-Lorena  2000 ). The PM is continuously synthesized by a 
ring of cells within the cardia, and it fi nally lines the entire midgut epithelium. 
Notably, the  ectoperitrophic space   is separated from the  gastric ceaca   by a cae-
cal membrane, which seems to be similar in composition to the  PM  .   

8.3.2     Chitin Extrusion 

 Chitin as a constituent component of arthropod PMs is required for PM reinforce-
ment by providing a fi brillar meshwork. As mentioned above, the arrangement of 
fi brils can vary between random-felt like textures, which occurs most frequently, 
and orthogonal and hexagonal textures, which are found in fewer species such as  F.  
  auricularia    and the European rhinoceros beetle,   Oryctes nasicornis   , respectively 
(Peters et al.  1979 ; Peters  1969 ). In the latter two cases, the microvilli may deter-
mine the spacing between the microfi bers by forming a sort of a hexagonal template 
for the nascent PM formed between them (Mercer and Day  1952 ; Peters et al.  1979 ) 
(Fig.  8.2d ). After  delamination   of the apical layers, a PM with orthogonal or hex-
agonal textures remains, which is presumably stabilized by certain types of PMPs 
that bind to the  chitin nanofi bers     . Consequently, multiple PM layers may be delami-
nated from the same brush border resulting in the formation of  peritrophic enve-
lopes  . As the PM is considered to lack lipids (Peters  1992 ), it is unlikely that 
microvillar membranes are included in the PM after  delamination  . Therefore, PM 
formation is unlikely due to  microapocrine secretion  , which would be accompanied 
by a loss of cell material (e.g. parts of microvilli) (Fig.  8.2h ). However, the signifi -
cance of this microvilli-templated mode of PM  delamination   has been controversial, 
and data have been reported that support an oppose mechanism involving random 
felt-like textures. In some cases, the initially ordered arrangement of fi brils may also 
collapse due to the lack of stabilizing proteins. However, additional more subtle 
mechanisms for chitin network formation must exist. These may explain, for 
instance, the transitions from a random felt-like structure to hexagonally arranged 
microfi brils in   Leptestheria dahalacensis    induced by feeding (Schlecht  1979 ), or 
the occurrence of a combination of orthogonal, hexagonal and random felt-like 
arrangements within relatively short distances in the single PM of the beetle   Ptinus 
tectus    (Rudall and Kenchington  1973 ). The general scenario described suggests that 
a chitinous mesh is generated between the tips of the microvilli of midgut epithelial 
cells (Fig.  8.2e–g ). As  chitin synthases   are integral membrane proteins, they reside 
in the microvillar membranes of PM delaminating midgut cells, i.e.  columnar cells   
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 for   type I and  cardia   cells for  type II   PMs. Indeed, immunological and biochemical 
studies of chitin synthase 2 (Chs2) from the midgut of  M .   sexta    have shown that 
 chitin nanofi bers      are formed by oligomeric Chs2 complexes residing in the mem-
branes of columnar  cell   microvilli at the apical tips (Zimoch and Merzendorfer 
 2002 ; Maue et al.  2009 ). The single catalytic units of the oligomeric  chitin synthase   
complex may simultaneously secrete multiple  chitin   chains being pre-aligned for 
fi brillogenesis (Merzendorfer  2013 ), which presumably takes place at the lateral 
surfaces the microvilli. If this hypothesis of PM  delamination   is correct, it is 
expected that  chitin nanofi bers      are released into the perimicrovillar space forming a 
meshwork between the apical microvilli (Fig.  8.2e ).  

8.3.3     Secretion of PMPs 

 Little is known about  the   precise mechanism by which PM-associated proteins are 
delivered to the PM. It seems that in many insects this process initiates with the 
 apocrine secretion   of PM material from midgut epithelial cells. Early studies per-
formed on the larval midgut  cardia   from the chironomid,  Chironomus piger , showed 
two cell types, one rich in granular endoplasmic reticulum tubules (ER-cells), the 
other rich in mitochondria (M-cells) (Platzer-Schultz and Welsch  1969 ). During 
fi xation for electron microscopy, some of the ER-cells were trapped in stages resem-
bling cells that undergo apocrine secretion: The ER-cells cyclically formed apical 
blebs, which were fi nally released into the midgut lumen, where they disintegrated 
and formed fi brillar material. The remaining cells regenerated into normal epithelial 
cells with apical microvilli. From these fi ndings, the author suggested that signifi -
cant parts of  the   PM originate from granular material produced by the ER-cells. 
Although the larval midgut of the hide beetle,   Dermestes maculatus    is not well dif-
ferentiated along the  ventriculus  , there is specialization as the anterior part under-
goes  apocrine secretion   (Caldeira et al.  2007 ). While the ventricular cells in this 
region were suggested to secrete digestive enzymes, the caecal  cells   were supposed 
to produce glycosylated PM-associated proteins. Interestingly, mosquitos respond 
to bacterial challenges by stimulation of  apocrine secretion   as a defense mechanism 
(Oliveira et al.  2009 ). 

 The secretion of a particular  PMP   by anterior midgut  columnar cells   from  S.  
  frugiperda    was analyzed using monospecifi c, polyclonal antibodies in conjunction 
with confocal fl uorescence and immune-gold microscopy. More specifi cally, this 
PMP was found in double membrane vesicles that bud from the microvilli of colum-
nar  cells  , a process that is known as  microapocrine secretion  , a special form of 
 apocrine secretion   (Bolognesi et al.  2001 ). The screening of a midgut cDNA expres-
sion library with antibodies to isolated microapocrine vesicles from  S.    frugiperda    
demonstrated the presence  of   PMPs and various other proteins, that are released 
into the midgut presumably by  microapocrine secretion   (Silva et al.  2013 ). Next to 
various proteolytic and glycolytic enzymes that were identifi ed by cDNA sequenc-
ing of positive clones, also some proteins that are likely involved in  microapocrine 
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secretion   were found including  calmodulin  ,  annexin  ,  myosin 7a  , and  gelsolin  . 
Similar results  were   previously reported thanks to the use of antibodies against 
cytoskeleton- depleted microvillar membranes from the larval midguts of the meal-
worm beetle,   Tenebrio molitor    and  S.    frugiperda    (Ferreira et al.  2007 ) .  

 A somewhat different secretion mechanism was reported for fl y maggots. The 
secretion of peritrophin-15 by  cardia   cells from  L.    cuprina    larvae was analyzed 
using gold-conjugated antibodies to localize the protein by immuno-electron 
microscopy (Eisemann et al.  2001 ). The  cardia   cells are rich in  rough   ER, Golgi 
bodies and traffi cking vesicles, which were shown to be loaded with peritrophin-15. 
These vesicles accumulate underneath the apical plasma membrane and fuse with it 
to release peritrophin-15 at the base of the microvilli into the inter-microvillar space 
(Fig.  8.2f ). Finally, peritrophin-15 binds to the fi brillar network of the PM covering 
the tips of the microvilli. While the  cardia   cells are specialized in secretion, the cells 
of the foregut epithelial cells of cuticle-lined  valvula cardiaca   are  characterized   by 
a smooth ER, and may be specialized in glycogen storage and lipid production. The 
foregut tissue of the  valvula cardiaca   contains longitudinal muscles and microtu-
bules which appear to be involved in moving the PM through the  cardia   (Binnington 
 1988 ). In conclusion, depending on the insect species, different modes of PM secre-
tion may exist, either apocrine, microapocrine or merocrine at the base of micro-
villi. However, it has to be noted that secretion of PM material is paralleled by other 
secretory processes, which may overlap in particular midgut regions. As most avail-
able data rely on ultrastructural analyses with a certain potential of fi xation arte-
facts, an unequivocal portrayal of the mode  of   PM secretion is diffi cult.  

8.3.4     Assembly of the Fibrillary Network 

 There is a general agreement that the PM is formed when chitin nanofi brils are 
crosslinked by PMPs that bind to the chitin portion. The assembly into a differenti-
ated network may differ  between   type I and  type II   PMs.    Type I PMs typically 
consist of several layers, which have been suggested to be formed either by the 
sequential  secretion   of PM components, by differential aggregation of PM compo-
nents, or by processes that lead to different physical states of the PM such as more 
gel-like or solid forms (Lehane  1997 ). Depending on the midgut regions, properties 
 of   type I PMs such as  thickness  , hydration,  pore size    and   permeability may differ 
widely. These structural differentiations are likely related to different functions of 
the PM in different gut regions (Agrawal et al.  2014 ). According to an immunologi-
cal study on the localization of Chs2 in the midgut of  M.    sexta   , which produces  a   
type I PM, chitin synthesis and fi brillogenesis may take place at the very apical tips 
of midgut microvilli at least in this lepidopteran species (Zimoch and Merzendorfer 
 2002 ) (Fig.  8.2e ). Subsequently, a loose meshwork of chitin fi brils may be formed 
between the microvilli becoming increasingly fortifi ed by crosslinking PMPs 
secreted at the base of the microvilli. Depending on the nature of the secreted PMPs, 
this process may yield different textures, which are likely formed in a self-assembly 
progression. In contrast  to   type I PMs, the more highly organized  type II   PMs are 
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formed as a continuous single sleeve (or several concentric sleeves) by  cardia   cells 
in the region between the foregut and midgut. These cells seem to operate in a 
sequential manner secreting PM material that organizes into a PM in a self- assembly 
process ensuing frequently in multilayered sleeves, with layers being different in 
chemical composition (Lehane  1976 ). This in turn requires coordinated  secretion   of 
different PMPs that are added to the chitin network from the basal site. Orchestration 
of PM formation appears to be more diffi cult in case of apocrine  secretion  .   

8.4     PM Properties and Structure-Function Relationships 
of PM Components 

8.4.1     Permeability Properties of the PM 

  Across    different   insect orders, PM  thickness   increases from the anterior to the pos-
terior regions in the midgut (Harper and Granados  1999 ; Hopkins and Harper  2001 ; 
Agrawal et al.  2014 ). Notably, PM  thickness   is inversely proportional to its perme-
ability as evidenced by determining PM  exclusion sizes   for FITC-dextran particles 
in  T.    castaneum    larvae (Agrawal et al.  2014 ) (Fig.  8.6 ). While particles exceeding a 
diameter of 40 nm are able to pass the PM in the anterior midgut, the cut-offs for 
particles in the median and posterior midgut are 8–9 nm and 1–2 nm, respectively. 
These large differences  in   PM permeabilities are supposed to be an adaptation to the 
requirements for partitioning digestive enzymes and their substrates in the midgut 
(Agrawal et al.  2014 ) (Fig.  8.6 ). An important aspect is that digestive enzymes have 
to be able to pass the PM in the anterior midgut in order to get access to their sub-
strates in  the    endoperitrophic space  . In turn, partially processed dietary molecules 
resulting from hydrolytic degradation in the  endoperitrophic space   have to pass the 
PM in the opposite direction for fi nal degradation in the  ectoperitrophic space   by 
membrane-associated  hydrolytic enzymes  . The latter process delivers largely  mono-
meric   digestion products of dietary molecules absorbed by midgut epithelial cells of 
the median and posterior midgut. The PM of insects feeding on fl uids or fi ne- 
structured matter typically exhibit  exclusion sizes   in the range of 7.5–9 nm (Terra 
and Ferreira  1983 ; Espinoza-Fuentes et al.  1984 ; Peters and Wiese  1986 ; Miller and 
Lehane  1990 ).    In contrast,    PMs of lepidopteran and orthopteran larvae, that feed on 
rough matter, exhibit  exclusion sizes   between 21 and 36 nm (Adang and Spence 
 1983 ; Barbehenn and Martin  1995 ). High PM permeabilities entail the risk of estab-
lishing infections caused by pathogens invading the  ectoperitrophic space   where 
they can get in direct contact with midgut epithelial cells. This eventually might be 
counteracted by an increased release of  antimicrobial peptides   especially in  the 
  anterior midgut, where PM permeability is highest  in   many insects. Another possi-
bility  to   deal with this problem may be provided by the  secretion   of PM-active 
enzymes that temporally adapt PM permeability by degrading or modifying chitin 
and/or PMPs. After the passage of large molecules, newly formed PM components 
may reconstitute the original situation. 
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  The   question of  how   structural organization of the PM is established in different 
midgut regions is subject of intense discussion. As discussed earlier in this chapter, 
discrimination of molecules is not only based on  pore size   diameters but is also 
determined by  electrostatic interactions   (Lehane  1997 ). Indeed, there is evidence 
that anions pass the PM less effi ciently in the presence  of   glycosylated proteins 
(Miller and Lehane  1993 ; Barbehenn  2001 ). In turn, it was demonstrated that posi-
tively charged molecules such as the fungal   Rhizoctonia solani  agglutinin   preferen-
tially permeates through the PM of  T.    castaneum    (Walski et al.  2014 ). Its passage 
was signifi cantly faster than that of the plant   Sambucus nigra  agglutinin II  , which at 
least in  the   posterior midgut  is   negatively charged. 

 The amount of cations crossing the PM may additionally increase from the ante-
rior to the posterior midgut. This assumption is based on the differential expression 
patterns of the PMPs in  T.    castaneum    along the midgut (Jasrapuria et al.  2010 ). 
Because the pH values are known in the main midgut regions of  T.    castaneum    larvae 
(Vinokurov et al.  2009 ), it was possible to estimate the degree of ionic interactions 
that prevent or  facilitate   permeation through the PM considering averaged pI values 
of all PMPs (Table  8.1 ). According to this estimate, the extent of negatively charged 
PMPs increases from anterior to posterior midgut regions.    In parallel, the amount of 
positively charged molecules that become attracted is increasing in the same direc-
tion.    This may constitute a mechanism allowing differential permeation through the 
PM along the midgut, which may improve digestion effi ciency.

   The PM exhibits  a   telescope-like shape with fewer overlapping PM layers in the 
anterior than in the posterior midgut, as it was found for instance in  P.    americana    
(Lee  1968 ). This implicates a longitudinal turnover of the PM, with the inner layers 
being excreted with the feces.    However, alternative modes of turnover may occur in 
other insects. As shown for  T.    castaneum   ,    the knockdown of  TcPMP3  disrupted PM 
integrity only in the median but not in the posterior midgut region where the gene is 
not expressed (Jasrapuria et al.  2010 ; Agrawal et al.  2014 ). In case of a longitudinal 
PM turnover, RNAi to silence  TcPMP3  (which is expressed only in the anterior and 
median midgut) is expected to disrupt PM permeability in the posterior midgut, 
because the inner PM layers, which lack TcPMP3, will move towards the posterior 
end. From these fi ndings, a transversal mode of turnover of PM layers was pro-
posed, in which  the   PM  delaminates   from midgut epithelial cells and is degraded 
from the endoperitrophic side by the action of enzymes such as chitinases, glycosi-
dases and proteinases. Several studies demonstrated that CBDs are integral con-
stituents of the PM presumably  crosslinking   chitin microfi brils, which confers 

   Table 8.1    pH and pI values along the midgut of   Tribolium castaneum      

 Parameter 

 Midgut region 

 Anterior  Median  Posterior 

 pH a   5.6–6.0  6.0–7.0  7.0–7.5 
 Average pI of TcPMPs  4.6  4.4  5.0 
 pH-pI values  1.0–1.4  1.6–2.6  2.0–2.5 

   a According to Vinokurov et al. ( 2009 )  

H. Merzendorfer et al.



275

tensile strength (Elvin et al.  1996 ; Schorderet et al.  1998 ; Wang et al.  2004 ). 
Differential expression of PMPs along the midgut as demonstrated for  T.    castaneum    
may be crucial for the establishment of  a   PM permeability gradient. Notably, the 
 number of CBDs   present in the PMPs correlates with their site of expression in the 
larval midgut of  T.    castaneum    (Jasrapuria et al.  2010 ).    The more posterior the 
 TcPMP  is localized, the higher is the  number of CBDs  . PMPs with more than one 
CBD have been suggested to crosslink chitin polymer chains whereby a three- 
dimensional network is formed (Shen and Jacobs-Lorena  1998 ; Devenport et al. 
 2005 ). PMPs containing only few CBDs are expected to crosslink chitin fi bers less 
effi ciently than PMPs containing multiple CBDs. Therefore, the latter PMPs should 
be found  in   PMs with small  pore sizes   and reduced permeabilities. Indeed, tran-
scripts for PMPs with 9 or 14 CBDs were only found in the more posterior parts of 
the larval midgut from  T.    castaneum   ,  where   PM permeability is very low (Jasrapuria 
et al.  2010 ; Agrawal et al.  2014 ). Also in  An.    gambiae   , PMPs with various numbers 
of CBDs have been identifi ed. Moreover, a structural model was proposed in which 
intersecting chitin fi brils create  cross-hatch texture  s and form a three- dimensional 
  structural scaffold (Dinglasan et al.  2009 ). In regions with PMPs containing low 
numbers of CBDs, the interconnection of chitin fi bers may be signifi cantly reduced, 
which seemingly will result in larger  pore sizes  . Additionally, chitin modifi cations 
such as deacetylation may prevent binding of CBDs  that   specifi cally recognize chi-
tin.    According to another suggestion, specifi c PMPs may contribute to PM tighten-
ing by interconnecting chitin fi bers with other PMPs (Rose et al.  2014 ). This may 
lead to the densifi cation of the PM resulting in reduced pore diameters.    Structural 
organization of the PM as a cross-hatch meshwork of chitin fi bers would confer 
elastic properties of the PM, which may facilitate, for instance, PM contraction in 
 An.    gambiae    mosquitoes which occurs in the course of blood digestion (Dinglasan 
et al.  2009 ). Next to  the   formation of a meshwork within the plane of a single PM 
layer, PMPs may also mediate transversal interconnection of individual PM layers 
by the formation of protein bridges. Indeed in larvae of  O.    nubilalis   , multiple layers 
of the meshwork were observed to be interconnected (Harper and Hopkins  1997 ). 
   In case of a longitudinally increasing  thickness   of the PM like in  T.    castaneum   , 
especially in the posterior midgut, PMPs with multiple  CBDs   might be required to 
interconnect several PM layers at once. Bridging multiple layers in this way could 
result in a more rigid and voluminous PM and may provide an additional explana-
tion for the fi nding that PMPs with multiple CBDs are expressed in the posterior 
midgut region of  T.    castaneum    (Agrawal et al.  2014 ). This type of PM organization 
could control the fl ux of molecules at an additional level by altering PM permeabil-
ity through the variation of the number of PMPs interconnecting PM layers in trans-
versal  direction  . 

  PM   degrading enzymes may be considered as additional factors that contribute 
to the regulation of    PM permeability. Although trypsin cleavage sites have been 
identifi ed within CBDs of PMPs, they are presumably inaccessible upon formation 
of disulfi de bridges (Wang et al.  2004 ; Rose et al.  2014 ). On the other hand, chitin 
fi brils may be protected from the action of chitinases due to their inaccessibility 
upon binding to PMPs. However, control of both turnover and  permeability of the 
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  PM require the regulation of enzymatic degradation. In line with this assumption, 
PM  thickness   increases drastically in larvae of  O.    nubilalis    upon RNAi-mediated 
knockdown of a gene encoding a chitinase (Khajuria et al.  2010 ). Partial denatur-
ation of PMPs could further provide access of enzymes to chitin fi brils. An analo-
gous mechanism was described for the chitin  fi bers   in the cuticle of  T.    castaneum   , 
which are protected from chitinase activity by the  Knickkopf protein   (TcKnk) 
(Chaudhari et al.  2011 ). Thiol reducing agents and allochemicals ingested with  the   
food can result in a signifi cant reduction of the redox potential as demonstrated for 
the larval midgut of the cotton bollworm,   Helicoverpa zea    (Johnson and Felton 
 1996 ). This may lead to the decline of disulfi de bridges in the CBDs of PMPs, and 
thus may  alter   PM  properties  .  

8.4.2     Roles of PMPs in Organizing the Chitin Fibers 

 The functional signifi cance of chitin in the PM has been recently demonstrated by 
knocking down the gene encoding the midgut specifi c  chitin synthase   in  T.    casta-
neum    larvae ( TcCHS2 ). This gene silencing led to the complete absence of chitin in 
the midgut and also to disruption of the PM’s barrier function (Arakane et al.  2005 ; 
Kelkenberg et al.  2015 ). Because of the loss of the PM’s capability  to   partition 
digestive enzymes and substrates, the larvae developed nutritional defi ciencies 
resulting in a starvation phenotype with signifi cantly reduced body weights and in 
fat bodies depleted of neutral lipids (Kelkenberg et al.  2015 ). Similar results were 
obtained when the larvae were fed with the general chitin synthesis inhibitor 
difl ubenzuron (DFB). In contrast to  TcCHS2 -defi cient larvae, DFB treatment only 
resulted in a partially reduced  chitin content   of the PM (Merzendorfer et al.  2012 ; 
Kelkenberg et al.  2015 ). In this case, PM  permeability   was also increased but the 
effect was less pronounced than in case of  TcCHS2  knockdown.    Comparable effects 
have been observed in different insects using DFB and related chitin synthesis 
inhibitors that were orally administered (Clarke et al.  1977 ; Tellam and Eisemann 
 2000 ; Guo et al.  2007a ). Thus, the  chitin content   may directly correlate with the 
 exclusion size   of the PM. The loss of chitin fi brils may further be accompanied by 
a loss the PM’s  protein content   due to the  reduced   number of  CBD   binding sites 
(Clarke et al.  1977 ). The organization of the  chitin nanofi bers      into a three- 
dimensional meshwork of chitin fi brils may be mainly controlled by PMPs contain-
ing various numbers of CBDs (see also Fig.  8.3 ). Table  8.2  summarizes characteristics 
and functions for some selected PMPs. In the following sections of this chapter the 
structure-function relationships of PMPs will be discussed.

8.4.2.1        PMPs with a Single CBD 

 PMPs  as   integral components of the PM largely determine its physicochemical 
properties, and changes in the composition of the PM lead to altered characteristics, 
which refl ect adaptations to current physiological and immunological demands. All 
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PMPs identifi ed from different insects so far have a varying  number of CBDs  , and 
some have  additionally   mucin-like domains. The chitin binding properties of PMPs 
have been experimentally confi rmed using recombinant proteins from various 
sources (Elvin et al.  1996 ; Wang and Granados  1997b ; Shen and Jacobs-Lorena 
 1998 ; Vuocolo et al.  2001 ; Wang et al.  2004 ).    The  number of CBDs   present in the 
PMP appears to be crucial in organizing the 3D-meshwork of the PM (Fig.  8.3 ). 
However, the precise function of individual PMPs with different numbers of CBDs 
in organizing chitin fi bril architecture remains speculative. 

 To date, many PMPs with a single CBD have been identifi ed in insects by cDNA 
cloning or genome sequencing (Casu et al.  1997 ; Eisemann et al.  2001 ; Wijffels 
et al.  2001 ; Gaines et al.  2003 ; Venancio et al.  2009 ; Jasrapuria et al.  2010 ; Tetreau 
et al.  2015 ). It is unlikely that  they   contribute to the internal stability of the PM, as 
this would require additional CBDs to allow the formation of cross-links. They may 
rather protect the PM from chitinolytic degradation by exo-splitting chitinases 

  Fig. 8.3    Graphical illustration of structural elements of the PM. The basal elements of the  semi-
permeable   PM are chitin fi brils ( red ) and PM proteins (PMPs,  brown ) containing  multiple   chitin 
binding domains (CBDs,  blue ). The cross-hatch architecture of the PM is achieved by crosslinking 
the  chitin nanofi bers      by PMPs with different numbers of CBDs. Several PMPs possess large gly-
can moieties ( grey ) presumably projecting into the interstitial spaces between chitin fi brils narrow-
ing the  pore sizes  . Therefore, glycosylated PMPs are assumed to be crucial for determination of 
PM  permeability  . Attached glycans also provide protection from degradation of the PM by shield-
ing PM constituents from proteolytic and chitinolytic enzymes. PMPs with a single CBD may bind 
to the ends of chitin fi brils to prevent degradation by exo-splitting chitinases. However, they also 
may bind along the chitin fi bers to narrow  pore sizes  . PMPs with multiple CBDs are thought to be 
involved in crosslinking the chitin  nanofi bers      in various ways. PMPs with a high  number of CBDs   
may be proteolytically processed into smaller units. For a better overview, chitin nanofi brils, pro-
teins and glycans are not drawn to scale       
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   Table 8.2    Characteristics and assumed functions of selected PMPs   

 Species  Protein 
 Number 
of  CBD  s 

 Binding properties and 
proposed functions  Reference 

   Aedes aegypti     AeIMUC1  3  PM integral protein with  a 
  mucin-like domain; 
specifi cally binding to chitin; 
heme detoxifi cation 

 Devenport et al. 
( 2006 ); 
Rayms- Keller 
et al. ( 2000 ) 

 Ae-Aper50  5  PM integral protein  with 
  mucin-like domains; 
specifi cally binding to chitin 

 Shao et al. ( 2005 ) 

   Anopheles 
gambiae    

 Ag-Aper1  2  PM integral protein; 
specifi cally binding to chitin; 
possible function in 
determining  exclusion size  ; 
 N -glycosylated 

 Shen and 
Jacobs-Lorena 
( 1998 ) 

 Ag-Aper14  1  PM integral protein, possible 
functions in PM assembly 

 Devenport et al. 
( 2005 ) 

   Drosophila 
melanogaster    

  Drosocrystallin   
 (Dcy) 

 1  Roles in maintaining PM 
structure and determining 
 permeability  ; protection from 
bacterial infections and 
toxins 

 Kuraishi et al. 
( 2011 ) 

   Glossinia 
morsitans 
morsitans    

 GmPro1  1  Expressed preferentially in 
 the   proventriculus; possible 
role in protection from 
invading pathogens 

 Hao and Aksoy 
( 2002 ) 

 GmPro2  1  PM integral protein as 
determined by immunoblots 

  Chrysomya 
bezziana  

 Peritrophin-15  1  Specifi cally binding to chitin; 
possibly capping ends of 
chitin fi brils 

 Wijffels et al. 
( 2001 ) 

  Helicoverpa 
armigera  

 HallM86  5  PM integral protein binding 
to chitin; mucin-like domain; 
target  for   enhancin 

 Zhang and Guo 
( 2011 ) 

   Lucilia 
cuprina    

 Peritrophin-15  1  Specifi cally binding to chitin, 
possibly capping ends of 
chitin fi brils 

 Wijffels et al. 
( 2001 ); 
Eisemann et al. 
( 2001 ) 

 Peritrophin-44  5  Specifi cally binding to chitin, 
roles in maintaining PM 
structure and determining 
 permeability   

 Elvin et al. 
( 1996 ) 

 Peritrophin-48  5  Specifi cally binding to chitin, 
 N -glycosylated 

 Schorderet et al. 
( 1998 ) 

 Peritrophin-55  1  Predicted  O -glycosylated 
domain at the carboxy- 
terminus;    tightly associated 
with the PM 

 Tellam et al. 
( 2003 ) 

(continued)
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   Mamestra 
confi gurata    

 McIIM1  7  PM integral protein; 
expressed in the anterior 
midgut of larvae 

 Toprak et al. 
( 2010 ); Toprak 
et al. ( 2014 ) 

 McIIM2  2 

 McIIM3  1  PM integral proteins; 
expressed in the median and 
posterior midgut of larvae 

 McIIM4  4 

 McPM1  19  PM integral protein; 
expressed in the anterior 
midgut of larvae 

 Shi et al. ( 2004 ); 
Toprak et al. 
( 2014 ) 

  Plutella 
xylostella  

 PxIIM  7   Three   mucin-like domains; 
potentially binding to chitin 

 Sarauer et al. 
( 2003 ) 

   Tribolium 
castaneum    

 TcPMP3  3  PM integral proteins, 
differentially expressed in 
midgut; roles in maintaining 
PM structure and 
determining  permeability  ; 
   mucin-like domains, 
extensively  O -glycosylated 

 Agrawal et al. 
( 2014 )  TcPMP5-B  5 

   Trichoplusia ni     CBP1  12  PM integral proteins; 
proteolytically processed into 
smaller functional units 

 Wang et al. 
( 2004 )  CBP2  10 

 IIM14  5  Extensively  N - and 
 O -glycosylated integral PM 
protein,    tightly associated 
with the PM 

 Harper and 
Granados ( 1999 ; 
Wang and 
Granados ( 1997a , 
 b )  IIM22  5  Two domains rich in 

threonine and proline; 
potentially binding to chitin 

Table 8.2 (continued)

through capping the ends of chitin fi brils, or sequester free chitin-containing mole-
cules in the midgut (Wijffels et al.  2001 ; Bolognesi et al.  2005 ) (Fig.  8.3 ). For the 
capping function, it has to be remarked that the nature of selective binding to the 
terminal sites of the  chitin nanofi bers      is uncertain. In addition, functions for single- 
CBD PMPs in narrowing  pore size   diameters have been proposed for agylcosylated 
proteins from  An.    gambiae    such as AgAper9 and AgAper14 (Dinglasan et al.  2009 ). 
As single CBD-containing PMPs are predominantly expressed in the anterior mid-
gut of  T.    castaneum    larvae (Jasrapuria et al.  2010 ), chitin  fi brils   may be particularly 
well protected from chitinolytic degradation. This may be an adaptation to the over-
all structure (thin or gel-like) of the PM in this region, which may render the PM 
particularly susceptible to enzymatic degradation. As Ag-Aper14, a single CBD- 
containing PMP from  A.    gambiae   , is found in both the PM and the microvilli, an 
additional function in the context of PM assembly may be assumed for this protein, 
though fi nal evidence for this is missing (Devenport et al.  2005 ). Single CBD- 
containing  PMPs   have been further suggested to support innate immunity, since 
they showed increased expression levels in the tsetse fl y after ingestion of trypano-
somes (Hao and Aksoy  2002 ).  
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8.4.2.2     PMPs with Several CBDs 

 PMPs with several (2–5) CBDs are thought to be PM integral proteins that largely 
determine the overall structure of  the   PM and its physicochemical properties. They 
have been suggested to assemble the chitin fi brils into a wide cross-hatched matrix 
forming water-fi lled pores (Fig.  8.3 ). In the PM of  An.    gambiae   , AgAper1 is the 
most abundant PMP, which is predicted to be  O -glycosylated and exhibits two 
CBDs. Dinglasan et al. ( 2009 ) hypothesized that AgAper1 is associated via the 
CBDs to the crosshatched chitin fi bers at sites forming the pores, and that the 
 O -glycans project into the pores where they attract water molecules. In this way, 
AgAper1 may determine PM  exclusion size   and selectiveness. AgAper1 is also pre-
dicted to be  N -glycosylated.    As  N -linked glycans are linked to the Asn of the poly-
peptide by a β-1-4-GlcNAc dimer (Kornfeld and Kornfeld  1985 ), they may also 
function in cross-linking several AgAper1 proteins within the pore, which may add 
a further level of control of PM  permeability  . PMPs with two CBDs such as 
AgAper1, however, may also be involved in end-to-end extension of chitin fi bers. 
Due to the limited molecular mass, it seems unlikely that these proteins span larger 
distances in the chitin meshwork. In general, PMPs with 3–5 CBDs may have simi-
lar functions. However, due to their larger molecular sizes, they could also function 
in stabilizing interconnections between chitin fi bers. Therefore, they may be par-
ticularly important in maintaining barrier  function   and  permeability   gradients of the 
PM along the midgut. Indeed, RNAi-mediated silencing of the gene encoding  the 
  mucin-like TcPMP3 from  T.    castaneum   , which contains three CBDs and is exten-
sively  O -glycosylated, leads to a decreased PM  thickness   and a loss of PM barrier 
function (Agrawal et al.  2014 ). PMPs with four CBDs may be required to form the 
cross-hatch structures within the matrix by interconnecting four ends of chitin fi bers 
(Dinglasan et al.  2009 ). For reasons of symmetry, 4 CBD-containing PMPs would 
fulfi ll a unique and essential function in PM assembly. However, it has to be noted 
that genes encoding 4 CBD PMPs are not found in all insect genomes, as  T.    casta-
neum   , for instance, lacks this type of PMP.    It is further unlikely, that a PMP with 4 
CBDs is generated by proteolytic processing, because the knockdown of genes 
encoding putative pro-PMPs containing multiple (9 or 14) CBDs did not affect PM 
 permeabilities   or larval growth (Agrawal et al.  2014 ). PMPs with 5 CBDs have been 
identifi ed in most insects analyzed so far. Due to the number of chitin binding 
motifs, they may be primarily adapted for interconnecting chitin fi bers, and there-
fore crucial for providing tensile strength particularly  under   conditions of osmotic 
stress (Fig.  8.3 ). The occurrence of Pro-rich extensin-like motifs in some fi ve CBD-
containing PMPs such as AeAper50 from  A.    aegypti    may support the assumption of 
a function in supporting the structural integrity of the PM (Wu et al.  2001 ). Again, 
many of these PMPs are found to be extensively glycosylated (Devenport et al. 
 2005 ; Dinglasan et al.  2009 ; Agrawal et al.  2014 ). The presence of  sugar   moieties 
could lubricate the surface of the PM to facilitate food passage and/or provide pro-
tection from adhesive pathogens. This hypothesis is in line with their ubiquitous 
occurrence in insects, and their essential function was demonstrated by the knock-
down of  TcPMP5-B  transcripts in larvae of  T.    castaneum    that led to a loss of PM 
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barrier function in the midgut. In contrast, RNAi to knockdown transcripts for the 
second  T.    castaneum    gene encoding a PMP with fi ve CBDs (TcPMP5-A), which 
 lacks   mucin-like domains, did not result in any detectable phenotype. This further 
underlines the importance of  O -glycans for proper PM function (Agrawal et al. 
 2014 ). Due to their larger size, PMPs with fi ve CBDs are good candidates for bridg-
ing longer distances within the chitin fi ber meshwork or between adjacent PM  lay-
ers   (Fig.  8.4 ).   

8.4.3     PMPs with Multiple CBDs 

 PMPs with multiple (6–19)    CBDs have been suggested to integrate into PM after 
being proteolytically processed into smaller fragments by midgut proteases such as 
trypsin (Shi et al.  2004 ; Wang et al.  2004 ) (Fig.  8.5 ). Trypsin cleavage sites have 
been identifi ed in the linker regions downstream of the CBDs (Wang et al.  2004 ; 
Ferreira et al.  2007 ; Rose et al.  2014 ). So far, it is unknown whether proteolysis of 
multiple-CBD PMPs takes place before or after they have been integrated into the 

  Fig. 8.4    Schematic representation of potential interconnections between single PM layers. 
Individual chitin layers ( red  mesh works) are assumed to be bridged by PMPs ( brown ) exhibiting 
different numbers of CBDs ( blue ), which leads to a three-dimensional architecture. An increasing 
 number of CBDs   has been found to be directly correlated with the tightness of chitin layer inter-
connections. For a better overview, chitin nanofi brils, proteins and glycans are not drawn to scale       
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structural scaffold of the PM. Multiple-CBD PMPs are assumed to contribute to the 
overall structure of the PM by  crosslinking   chitin fi brils (Fig.  8.3 ). Due to the higher 
 number of CBDs   that are involved in this process, they may increase the tensile 
strength of the PM (Zimmermann and Peters  1987 ). In addition, they may serve in 
bundling of several  chitin   nanofi brils by braiding the fi bers, which would further 
strengthen the PM structure (Fig.  8.5 ). The presence of multiple Pro residues in 
regions fl anking the CBDs could create hinge regions allowing the PMP to wrap 
around chitin fi brils, which potentially protect the fi bers from chitinolytic degrada-
tion. This is particularly signifi cant  for   chitin fi bers of the inner PM layers, as they 
are exposed to the hydrolytic environment of the gut lumen. This also applies 
equally to the PMPs, which protect the chitin fi bers from chitinolytic activities. 
   However, the PMPs seem to be particularly protease-resistant, because potential 
cleavage sites are not exposed (Hegedus et al.  2009 ; Wang et al.  2004 ). Multiple- 
CBD PMPs may further exert tensile forces on bound chitin fi brils resulting in a 
condensed conformation resembling the situation of a spring. In combination with 
the cross-hatch fi brillary structure, this could signifi cantly contribute to the elastic 
properties of the PM, which allows avoidance of mechanical stress and facilitates 
contraction of the midgut lumen during digestion (Dinglasan et al.  2009 ). 
Interestingly, no detectable phenotypes have been observed when the  T.    castaneum    
genes encoding TcPMP9 and  TcPMP14   containing 9 and 14 CBDs, respectively, 

  Fig. 8.5    Putative functions of multiple-CBD containing PMPs. Multiple-CBD PMPs ( brown ) 
which frequently carry  O -glycans ( grey ) have been suggested to be proteolytically processed by 
midgut proteases resulting in functional PMP fragments that bind to chitin fi bers in a way similar 
to PMPs that have only a single or a few CBDs ( blue ). Uncleaved multi-CBD PMPs may be 
involved in bundling of chitin nanofi brils ( red ) to generate thicker fi bers that become intercon-
nected by cross-linking PMPs. For a better overview, chitin nanofi brils, proteins and glycans are 
not drawn to scale       
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were knocked-down by RNAi. However, the fi nding that the transcript levels for 
other TcPMPs were found to be upregulated upon RNAi for  TcPMP9  and  TcPMP14  
suggests that there is transcriptional up-regulation of  PMP  genes to compensate for 
the loss of multiple-CBD PMPs (Agrawal et al.  2014 ). This may support the idea 
that TcPMP9 and TcPMP14 are cleaved into smaller fragments, because PMPs with 
a lower  number of CBDs   can substitute their function (Fig.  8.5 ). Further studies on 
the structure-function relationship of PMPs are required to understand PM struc-
ture, assembly and  plasticity  .

8.4.4        PMPs with O-glycosylated Linker-Domains 

  The   PM may be also considered as a second mucous layer, which separates from the 
midgut microvillar  mucins   in the course of PM  delamination   (Shen and Jacobs- 
Lorena  1999 ). The large glycan moieties of PMPs are supposed to be crucial for the 
maintenance of PM integrity. Additionally, the glycans may also serve in protecting 
PMPs from degradation by midgut proteases secreted during digestion. Extensively 
glycosylated PMPs have been identifi ed in various insect species from different 
orders (Schorderet et al.  1998 ; Vuocolo et al.  2001 ; Shi et al.  2004 ; Agrawal et al. 
 2014 ). As discussed above, in feeding larvae of  T.    castaneum   , RNAi-induced knock-
down of the two genes encoding PMPs, TcPMP3 and TcPMP5-B,  caused   a drastic 
increase in PM  permeability  . While the other nine TcPMPs identifi ed in  T.    casta-
neum    lack apparent sites for extensive   O -glycosylation  , TcPMP3 and TcPMP5-B 
proteins exhibit  extended   mucin-like Ser/Thr-rich linker domains, which were 
shown to be highly  O -glycosylated using  a   glycan detection assay (Agrawal et al. 
 2014 ). Thus, it is likely that glycan attachments are strongly involved in determin-
ing the PM  exclusion size  , presumably by occupying the interstitial spaces between 
chitin microfi brils narrowing  pore size   diameters (Fig.  8.3 ). In addition, the glycans 
may protect PM components from degradation by  hydrolytic enzymes  . In many 
cases, the sizes of the glycans could be too small to project into interstitial spaces 
far enough. In order to bridge longer distances, PMPs may be cross-linked by  inter-
molecular disulfi de bridges  . Such binding may occur between CBDs and core chi-
tobiose units from  N -glycosylated PMPs, or by  transglutaminases   as recently shown 
 for    drosocrystallin   (Shibata et al.  2015 ). Consequently, reduction of PM  pore size   
diameters does not necessarily correlate with a decrease in distance  between   single 
chitin fi bers within the chitin lattice. Therefore, modulating the degree of interaction 
of PMPs may be an even more important mechanism for the control of PM proper-
ties. However, the loss of a specifi c highly glycosylated and strongly interconnected 
PMP may not only result in a slightly increased  exclusion size  , but rather in a com-
plete loss of PM integrity, as other PMPs may be not able to interconnect them-
selves in the absence of one of these extensively glycosylated proteins. This could 
potentially lead to  a   loss of their function as structural PM constituents in addition 
to the defi ciency of PMPs. This scenario could explain the substantial increase in 
PM size exclusion in  T.    castaneum    after RNAi for TcPMP3 or TcPMP5-B (Agrawal 
et al.  2014 ). Molecules that bind to the glycan portion of the PM have a critical 
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effect on its  permeability  , as it was demonstrated, for instance, by feeding PMP- 
binding  lectins   to larvae of  L.    cuprina    that resulted in an artifi cial fi lling of the gaps 
within the PM structure. As a result of  lectin   binding, the PM  exclusion size   was 
signifi cantly decreased with lethal effects for the larvae (Eisemann et al.  1994 ). It is 
tempting to speculate  that   larvae died from starvation due  to   the inability of dietary 
molecules to pass the PM in order to reach the  ectoperitrophic space  . 

 PGs from species such as  D.    maculatus    have been suggested to lack chitin fi bers 
and be composed mainly of glycoproteins (Terra  2001 ; Caldeira et al.  2007 ). They 
are frequently found in the anterior midgut where a highly permeable PM is required 
to allow passage of digestive enzymes secreted in this region. Since chitin is miss-
ing, only glycosylated PMPs fulfi ll the barrier function in this region, supporting the 
assumption that the presence of a chitinous scaffold is necessary to form small  pore 
size   diameters. Thus, chitin fi bers may serve as  a   basal scaffold for the initial attach-
ment of proteins, which in turn provide binding sites for additional PMPs whereby 
PM pore dimensions are reduced as described above. The special architecture of the 
PM provides both tensile strength and elasticity, but remodeling of the chitin mesh-
work to adapt to altered physiological conditions may be hindered. In contrast, 
remodeling of PGs seems to be much easier as the structure of a PG is supposed to 
be less complex. This facilitates not only digestive enzymes secreted by anterior 
midgut cells to enter the  endoperitrophic space   for digestion, but also allows  antimi-
crobial peptides   to  rapidly   reach those regions of the intestine challenged by 
pathogens.

   The high glycan content of the PM attracts large amounts of water, which con-
tributes substantially to PM  thickness   due to its volume, and additionally, confers a 
gel-like shape. These properties could rescue the midgut from dehydration when 
very dry food is consumed, as water molecules are highly ordered and electrostati-
cally fi xed between the glycan chains (Espinosa-Marzal et al.  2013 ). The extended 
 thickness   of the PM keeps the food bolus at a certain distance from the midgut 
epithelium. In addition, due to the presence of glycans, the surface of the PM is 
lubricated providing  protection   from mechanical damage caused by abrasive food 
particles. The glycan moieties of PMPs act like a shield preventing chitinolytic and 
proteolytic enzymes from degrading the PM (Sola and Griebenow  2009 ). 

 The sugar moieties of extremely  O -glycosylated PMPs (IIMs) facilitate intermo-
lecular interactions between various glycans creating a barrier which is selectively 
 permeable   (Hegedus et al.  2009 ). Changes  in   ion concentrations and/or pH result in 
altered charge densities and thus modifi ed conformations of the glycans, which cer-
tainly affect the interactions that occur between them. As a consequence, the  exclu-
sion size   of  the   PM is affected as demonstrated for the tsetse fl y where the PM was 
signifi cantly more permeable to alkaline phosphatase in the presence of positively 
charged calcium ions, which were ingested with the food (Miller and Lehane  1993 ). 
This is presumably an effect of a reduction in interconnected glycan moieties. Such 
a mechanism may allow rapid adjustment of molecule traffi cking in response to 
altered physiological conditions (Lehane  1976 ). The midgut lumens of many insects 
exhibit more or less pronounced pH gradients (Dow  1992 ). In lepidopteran and 
mosquito larvae pH gradients are particularly pronounced with pH values of > 11 in 
the anterior and about 7–8 in the posterior midgut (Azuma et al.  1995 ; Boudko et al. 
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 2001 ). The situation is different in coleopteran larvae,  with   pH values increasing 
from about 6 in the anterior to about 7 in the posterior midgut, as reported for  T.  
  castaneum    larvae (Vinokurov et al.  2009 ). Therefore, glycan interactions are more 
or less prominent depending on the pH in the respective midgut region, and thus 
they may contribute to the decrease in PM  permeability   towards the posterior end 
(Agrawal et al.  2014 ). Additionally, positively charged molecules may preferen-
tially pass the PM in the more posterior regions due to the presence of primarily 
negative charges resulting from the pH gradient (Miller and Lehane  1993 ). Because 
of their large and extremely hydrated glycan moieties, IIMs may  be   considered as 
integral structural PM elements, which largely contribute to solvent drag that sup-
ports molecule traffi cking across the PM. 

 In conclusion, the PM is composed of different PMPs that are not only differen-
tially expressed in different midgut regions, but also exhibit special characteristics 
to fulfi ll their functions in maintaining a  semipermeable      matrix and anti-infectious 
barrier under different physiological conditions. Many aspects concerning PMP 
function are still elusive and require more studies on the  structure-function 
relations  .   

8.5     Functions of the PM 

 Although the current knowledge about PM function is limited, there is increasing 
evidence that the PM is involved in different physiological contexts. In particular, 
the increasing availability of genetic tools that allow manipulation of gene expres-
sion in various insects has yielded more detailed insight on the functions of the PM 
and particular PM components. Although we are still at the beginning of the process 
of providing an integrated view of  the   structure-function relationships, we have now 
suffi cient data that support the notion that the PM is involved in the following pro-
cesses:  mechanical protection  ,  resistance to osmotic swelling  ,  partitioning of diges-
tion  , neutralization of  toxin  s, physical barrier  against   parasites and fi nally  regulation 
of innate immunity  . 

8.5.1     Protection from Mechanical and Osmotic Stress 

 As outlined in the introduction, the PM has properties resembling the mucosa of the 
vertebrate intestinal tract (Tse and Chadee  1991 ). Due to the presence  of   mucin-like 
PMPs, the PM forms a lubricant matrix, which separates the food from the midgut 
epithelium and facilitates the passage of the food material through the gut. Thereby, 
the PM is also thought to protect the midgut epithelium from abrasive particles 
passing through the midgut along with the ingested food. Although this is an obvi-
ous assumption, only a single study has provided evidence for this function. For 
freak larvae of the silkworm,   Bombyx mori    lacking a PM, Sudha and Muthu ( 1988 ) 
reported that closely packed leaf fragments abraded the midgut epithelium during 
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their passage through the gut. Abrasion caused cell damage and a loss of epithelial 
integrity. However, the larvae did not die from this damage, presumably due to high 
regeneration rates of the midgut epithelial cells. In line with the anti-abrasive func-
tion, many fl uid-feeding insects lack a PM. It has been argued that due to the absence 
of abrasive particles in plant saps, there is no evolutionary pressure to maintain the 
PM. 

 As explained earlier in this chapter, the PM resembles a hydrogel with high resis-
tance to compressive forces (Hardingham et al.  1990 ; Jackson et al.  1991 ), which 
together with the tensile strength mediated by its fi brillary components contribute to 
its high mechanical strength. Indeed, the PM has to withstand forces up to 5000 Pa 
in insect intestines generated by the Donnan effect due to incorporation of high 
molecular weight diets, which exert a high osmotic pressure because of the high 
abundance of fi xed charges (Zhuzhikov  1970 ; Zimmermann and Mehlan  1976 ). 
Thus, it is the hydrogel characteristics of the PM, which prevents swelling and rup-
ture of the midgut (Zhuzhikov  1964 ). As discussed for  the   mucin-like PMPs, 
hydrated proteoglycans are also major determinants of PM  permeability  , as they are 
the most space-consuming molecules within the matrix fi lling the gaps between 
chitin fi bers.  

8.5.2     Compartmentalization of Digestion 

 In separating the midgut epithelium from food material within the gut, the PM 
divides the midgut into three physiological compartments: the  endoperitrophic 
space   (representing the gut lumen confi ned by the inner surface of the PM), the 
 ectoperitrophic space   (the space between the outer surface of the PM and the  glyco-
calyx   of the midgut epithelial cells) and the  intraperitrophic space   (the space fi lled 
by the PM itself) ((Lehane  1997 ), see also Fig.  8.6 ). As the PM is a selective barrier, 
partitioning into these compartments is not rigorous as it depends on the respective 
solute molecules (Lehane  1997 ). The PM has frequently been compared with a 
molecular sieve, permeable for small molecules and impermeable for large mole-
cules. However, this is an oversimplifi ed description of PM functionality, because 
 pore size   is not the only factor that determines PM  permeability  . Additional factors 
such as electrical charge, hydrophilicity, molecular shape, and selective binding of 
the passing molecules are also important determinants, which lead to different  per-
meabilities   for molecules of the same size. In addition, the local environment may 
vary largely in different midgut regions. For instance, the pH in the anterior region 
of lepidopteran midguts can exceed values of 11, whereas the posterior midgut is 
signifi cantly less alkaline (Dow  1992 ). The pH largely infl uences PM  permeability   
for a particular molecule due to its effects on the molecule’s net charge. In addition, 
PM properties depend on the ionic composition in the local environment. The sugar 
moieties of the proteoglycans are predicted to occupy much of the space between 
the matrix fi bers (Fig.  8.3 ). Interactions between the sugar chains by van der Waals 
forces and ionic interactions may therefore signifi cantly contribute to the PM’s 
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barrier function, and these relatively weak forces are predicted to be affected by 
changes in pH and ion  concentrations  . As mentioned above, calcium ions signifi -
cantly increase PM  permeability   to alkaline phosphatase by neutralizing anionic 
charges in the matrix (Miller and Lehane  1993 ).

   Likely, the partitioning of the midgut into distinct compartments facilitates 
digestion as it allows spatial separation of digestive reactions (Fig.  8.6 ). However, it 
is not only spatial separation into three compartments, which is important in this 
context. Also the anterior-to-posterior gradient in PM  permeability   (with large 
 exclusion sizes   in the anterior and small  exclusion sizes   in the posterior midgut) 
plays a role in digestion. Agrawal et al. ( 2014 ) have recently demonstrated such a 
 permeability   gradient in larvae of the red fl our beetle,  T.    castaneum    ,  by feeding 
different-sized FITC-dextrans and analyzing their distribution in cryosections using 
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  Fig. 8.6    Illustration of PM properties and the presumed effects on digestion in the midgut of 
 T.    castaneum    larvae. PM  thickness   increases continuously from the anterior to the posterior mid-
gut, whereat PM  permeability   is increasing in the opposite direction. In anteriorly situated midgut 
regions endo-cleaving digestive enzymes are secreted by midgut epithelial cells before passing 
through the PM. They fi nally reach the  endoperitrophic space   and degrade nutritional compounds. 
As a result of the  exclusion size   gradient, enzymes cannot be taken up again when they move 
towards the median midgut due to their size. Larger intermediate digestion products are taken up 
in this midgut region. Subsequently, they are further processed by membrane-bound exo-cleaving 
enzymes facing the ectoperitrophic space. The degraded nutritional constituents are small enough 
to pass the membrane of midgut epithelial cells in the median and posterior midgut (Modifi ed 
according to (Kelkenberg et al.  2015 )       
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a fl uorescence microscope. They found that the  exclusion size   gradually decreases 
from 2 MDa molecules in the anterior midgut through 150–70 kDa in the median 
midgut to 4 kDa in the posterior parts. In line with this estimate on a decreasing 
gradient of PM  permeability  , the  thickness   of the PM increases from anterior to 
posterior, a fi nding that has been reported for  many   type I PM secreting insects due 
to the increase in the number of PM layers. Thus, a gradient in  permeability   may be 
a more general feature  of   type I PMs. But how does partitioning of the midgut and 
PM  permeability   gradients improve the effi ciency of digestion? The anterior midgut 
releases digestive proenzymes by exocytosis or  apocrine secretion   into the midgut 
lumen where they are proteolytically activated (Terra et al.  2006 ; Caldeira et al. 
 2007 ; Neira Oviedo et al.  2008 ). To reach the  endoperitrophic space  , the enzymes 
have to permeate effi ciently through the anterior PM, which may be supported by a 
high porosity of the PM in this midgut region as observed for instance in  T.    casta-
neum    (Agrawal et al.  2014 ). However, other mechanisms have been also proposed 
including enzyme release before PM formation and the presence of selective pores 
which may be temporally formed (Hegedus et al.  2009 ). Once the enzymes have 
reached the  endoperitrophic space   in the anterior region of the midgut they start to 
cleave the dietary macromolecules of the ingested food, and peristaltic contractions 
move the food bolus towards the median midgut. In this part of the midgut, the PM 
exhibits a reduced  exclusion size   which allows permeation of the intermediate 
cleavage products along with solutes and water, while digestive enzymes (nucle-
ases, lipases and proteinases) and undigested material are retained in the  endoperi-
trophic space   due to the PM  permeability   limits (Fig.  8.6 ). In the  ectoperitrophic 
space  , fi nal processing of the intermediate cleavage products is performed by mem-
brane-bound enzymes including  α-glucosidase   and amylase, trehalase, alkaline 
phosphatase, aminopeptidase and carboxypeptidase (Santos and Terra  1986 ; 
Takesue et al.  1989 ; Ferreira and Terra  1989 ; Jordao and Terra  1991 ; Jordao et al. 
 1999 ). By separating different enzymatic reactions in the way outlined above, the 
accumulation of cleavage products, which would impair substrate binding at the 
catalytic sites of the enzymes, is avoided. It also prevents unprocessed material from 
non-specifi c binding to the surface of midgut epithelial cells, which could inhibit 
proper fi nal digestion or lead to damage of the epithelium (Bolognesi et al.  2008 ). 

 In line with considering the  intraperitrophic space   as a separate intestinal com-
partment, several digestive enzymes have been reported to be more or less stably 
associated with the PM (Terra et al.  1979 ; Walker et al.  1980 ; Peters and Kalnins 
 1985 ; Ferreira et al.  1994b ; Jordao et al.  1996 ). Some of these enzymes may be 
merely trapped within the fi brillary meshwork of the PM, others may specifi cally 
bind to the PM. For instance, 5–15 % of the total lumenal trypsin activity is associ-
ated with the PM in the midgut of the stable fl y,  Stomoxys calcitrans  (Jordao et al. 
 1996 ). In this case, binding to the PM may be mediated by  electrostatic interactions  , 
because the PM is negatively charged while trypsin is positively charged at physi-
ological pH (Lehane  1976 ; Moffatt et al.  1995 ). Some other enzymes such as a 
chitin  deacetylase   and three intestinal lipases were shown to be integral components 
of the PM from  M.    confi gurata    (Toprak et al.  2008 ).    Immobilization of digestive 
enzymes within the gel-like matrix may additionally improve digestion as this pro-
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cess increases enzyme activity (Selegny  1974 ; Drioli et al.  1976 ). Lateral diffusion 
of substrates within the matrix may increase spatial proximity and contact time with 
the associated enzymes (Comper and Laurent  1978 ; Hardingham and Fosang  1992 ) 
(Comper and Laurent  1978 ; Hardingham and Fosang  1992 ). However, the enzymes 
appear not to be equally distributed in the PM. Rather an anterior-to-posterior gradi-
ent of decreasing enzyme concentrations has been shown for the larval midgut of 
the gnat  Rhynchosciara americana  (Terra and Ferreira  1981 ). In comparison to their 
activities within the PM and the time required to pass the intestine, there is only a 
low rate of enzyme loss via the feces, so that some sort of  enzyme recycling   was 
assumed. In addition, dye injection experiments showed  retrograde water fl ux  es to 
occur in the  ectoperitrophic space   (Wigglesworth  1930 ; Berridge  1970 ; Dow  1981 ; 
Terra et al.  1988 ). Based on these fi ndings, Terra ( 1990 ) proposed a model for 
 enzyme recycling   in the intestinal tract of insects, which is mediated by a posterior- 
to- anterior fl ux of fl uid in the  ectoperitrophic space   (Terra  1990 ). According to this 
model, digestive enzymes permeate the PM again when they have reached the pos-
terior midgut and reenter the  ectoperitrophic space   (Cristofoletti et al.  2001 ; Caldeira 
et al.  2007 ; Neira Oviedo et al.  2008 ). Back in the  ectoperitrophic space   they are 
fi nally transported to the anterior region where they are recovered and reutilized 
(Ferreira and Terra  1989 ; Bolognesi et al.  2008 ). The retrograde fl ux in the  ectoperi-
trophic space   may be driven by water secretion of posterior midgut cells and water 
absorption by caecal cells in the anterior midgut (Caldeira et al.  2007 ). Species 
lacking caeca are also assumed to establish a countercurrent fl ow, as water absorp-
tion can be detected in anterior and median midgut regions while the posterior mid-
gut secretes water (Santos et al.  1984 ). Nevertheless, some insects exhibit a 
countercurrent being restricted to the posterior midgut, a phenomenon indicating 
that the model of a  countercurrent fl ow   is not generally valid and probably varies 
strongly among different species, if it is present at all (Lehane  1976 ; Espinoza- 
Fuentes and Terra  1987 ; Terra et al.  1988 ). Although the model of enzyme recovery 
by a retrograde fl uid fl ux in the  ectoperitrophic space   has been widely accepted, 
there are still some unsolved problems. One point of criticism is that many conclu-
sions on the distribution of enzymes within the intestine were based only on mea-
surement of enzyme activities, which complicates correct interpretation of the data 
because the activities may change over time (Dow  1986 ). Also the question of how 
the enzymes permeate the PM particularly in the posterior region is unclear. In the 
larval midgut of  T.    castaneum   , the PM of the very posterior region was shown to 
exhibit an  exclusion size   of only about 4 kDa (Agrawal et al.  2014 ). This indicates 
that only small processed compounds such as oligosaccharides, peptides and fatty 
acids are able to permeate the PM in this region, while larger molecules such as 
enzymes are excluded from entering the PM. 

 Although we still do not know all details on the PM’s function in digestion, the 
fi ndings described above make it likely that partitioning of the gut lumen into dif-
ferent digestive compartments signifi cantly enhances intestinal performance. This 
may have particularly contributed to the evolutionary success of insect species with 
fast-growing larval stages that need to build up energy stores for metamorphosis.  
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8.5.3     Neutralization of Toxic Compounds 

 The intestine of insects is frequently challenged by toxic compounds, which are 
directly ingested with the food, generated during metabolization of other com-
pounds or produced by microorganism during intestinal infections. Plants have 
evolved a broad spectrum of defense strategies to combat herbivorous insects. They 
include the production of a broad spectrum of chemical compounds such as  second-
ary metabolites   ( allelochemicals  ), peptides and proteins, which are taken up in 
larger amounts with the ingested plant material and may exert insecticidal activities. 
Different mechanisms have been proposed by which the PM potentially protects 
herbivorous insects from ingested  allelochemicals  : adsorption, ultrafi ltration, poly-
anion exclusion, and the capacity of PMs to act as antioxidants (Barbehenn  2001 ). 
    Tannins  , for instance,  are   secondary metabolites synthesized by many plant species 
to protect from predation. The PM of many insects has been shown to be imperme-
able for tannic acid, one form  of    tannins  . In lepidopterans and other insect species 
with a highly alkaline gut, tannic acids are known to react with proteins, lipids and 
polyvalent metal cations to form high molecular mass complexes that are unable to 
pass the PM and thus are retained in the  endoperitrophic space   (Barbehenn  2001 ). 
This ultrafi ltration mechanism, which protects the midgut epithelium  from    tannins  , 
appears also to account for lipophilic and amphiphilic  allelochemical   compounds 
such as  xanthotoxins  ,  digitoxins   and  saponins   (Barbehenn  2001 ). Ingested tannic 
acids and many other  allelochemicals   are metabolized by the activity of peroxidases 
released in the foregut and anterior midgut. During this process hydrogen peroxide 
and reactive oxygen species are generated, which are partially inactivated by anti-
oxidant enzymes (Krishnan et al.  2007 ). The majority of these reactive compounds 
becomes neutralized by the PM, which likely function as a  radical-scavenging anti-
oxidant   in the insect midgut. On the one hand, this is due to the PM’s ability of 
binding catalytically active metal ions such as iron. On the other hand, different 
components of the PM including carbohydrates and aromatic amino acids become 
oxidized themselves. By acting as a sacrifi cial antioxidant, the PM protects midgut 
epithelial cells from oxidative stress as evidenced in different lepidopteran species 
(Summers and Felton  1996 ; Barbehenn and Stannard  2004 ).  Lectins   are another 
group of plant-derived compounds with insecticidal activities. According to ultra-
structural data for larvae of  O.    nubilalis   , feeding of  lectins   leads to morphological 
alterations of the PM, which may be explained by their carbohydrate binding prop-
erties (Harper et al.  1998 ; Macedo et al.  2003 ). Due to the structural alterations of 
the PM, it was speculated that the insecticidal mechanism is at least partially associ-
ated with the disruption of PM function as the  lectins   bind to chitin or other sugar 
moieties of the PM. However, more recently Walski et al. ( 2014 ) performed a study 
in  T.    castaneum    larvae, and suggest that  lectin   toxicity depends on its ability to per-
meate the PM as the  lectins   exhibited the greatest insecticidal activity upon reaching 
the  ectoperitrophic space  . 

 The PM is also involved in the elimination of  xenobiotics   other than the above- 
mentioned plant-derived  allelochemicals   including compounds that are used for 
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pest control. The xenobiotic  DDT  , for instance, is retained in the midgut of resistant 
adults of  A.    aegypti    by a strongly increased PM production lowering the effective 
toxin concentrations in midgut epithelial cells (Abedi and Brown  1961 ). Similarly, 
a protective role of the PM has been suggested for  cry-δ-endotoxins   from   Bacillus 
thuringiensis    ( Bt ), which are used as biopesticides that exert their toxic effects by 
pore formation within the apical membranes of midgut epithelial cells. 

 Accordingly, Cry toxins have been shown to be restricted to the midgut lumen in 
 B.    mori    larvae (Hayakawa et al.  2004 ). In contrast, Cry toxins are able to access the 
midgut epithelium of the cotton leafworm,   Spodoptera littoralis   , due to the larger 
 exclusion size   of the PM, which clearly demonstrates the functional diversity of 
PMs in insects (Yunovitz et al.  1986 ). 

 Binding of these toxins to PM-associated proteins may prevent the toxin from 
entering the  ectoperitrophic space   in those species, which are not susceptible to the 
respective variant of the δ-endotoxin (Rees et al.  2009 ; Perez-Hedo et al.  2012 ). In 
line with this view, it has been shown that parallel feeding of recombinant 
δ-endotoxins and endochitinases results in synergistically increased toxicity in lar-
vae of  S.    frugiperda   , presumably due to the perforation of the PM by the endochi-
tinase allowing the toxin to access the midgut epithelium more easily. However, 
comparable effects have not been reported for  calcofl uor white   which is known to 
disrupt the PM as well (Rees et al.  2009 ). This may result from preferential binding 
of the toxin to PM fragments, which are then excreted with the feces and therefore 
only show minor toxic effects. Recently, Chinese scientists showed that domain III 
of the Cry1le toxin mediates the interaction with the PM from the Asian corn borer, 
 O. furnacalis  (Feng et al.  2015 ). As this domain has remarkably similarities to 
carbohydrate- binding domains from other proteins (de Maagd et al.  2003 ), it is 
likely that domain III interacts with the GlcNAc moieties of chitin. In insect species 
susceptible to specifi c δ-endotoxins, the toxin has to permeate through the PM in 
order to reach the  ectoperitrophic space  . The insecticidal activity of δ-endotoxins 
requires toxin solubilization in the midgut, processing by midgut proteases, receptor 
binding, toxin oligomerization, insertion into membranes of midgut epithelial cells 
and fi nally pore formation. Recently, it was shown that oligomerization is not only 
an important step in membrane insertion and pore formation, but it also affects PM 
 permeability   (Leetachewa et al.  2013 ). In case of Cry4Ba, an arginine residue at 
position 158 was identifi ed to be crucial for oligomerization. Substitution of this 
arginine by glutamine or glutamate did not only impair oligomerization, but also led 
to a signifi cant reduction in PM- permeability  , suggesting that alteration of PM  per-
meability   is an important step for insecticidal activity. 

 The PM prevents the damaging action of pore-forming toxins derived from 
enteric bacteria other than  B. thuringiensis . In the fruit fl y,  D.    melanogaster   , the 
protein  drosocrystallin   (Dcy) with an R&R chitin-binding domain is expressed in 
the gut and is required for PM formation (Kuraishi et al.  2011 ). A loss of function 
mutation in the  Dcy  gene leads to increased lethality of fl ies when challenged by 
 entomopathogenic bacteria   such as  Pseudomonas entomophila  and  Serratia marc-
escens . This is accompanied by an increased susceptibility to the pore-forming 
toxin monalysin released by  entomophila . 
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 Blood sucking mosquitoes rely on hemoglobin as their main dietary protein 
source. However, its digestion causes problems, because heme released into the gut 
lumen during this process may be toxic through the generation of reactive oxygen 
species (Ryter and Tyrrell  2000 ). Pascoa et al. ( 2002 ) were the fi rst who showed that 
the PM of adult female mosquitoes binds heme. As binding to the PM was saturable, 
the presence of specifi c binding sites within the PM was postulated. Indeed, a few 
years later, Devenport et al. ( 2006 ) demonstrated that the chitin-binding PMP, 
AeIMUC1, is capable of binding large amounts of heme  in vitro  suggesting a role 
in protecting the midgut epithelium from the harmful heme effects. It is worth men-
tioning that in blood feeding parasites such as  Plasmodium falciparum , toxic heme 
released during hemoglobin degradation is converted into an insoluble crystalline 
form named  hemozoin   for detoxifi cation.  Hemozoin   is also found in  R. prolixus  
(Oliveira et al.  1999 ). Here, PMMs promote  hemozoin   formation presumably medi-
ated by the PMM marker enzyme  α-glucosidase  , which seems to trigger  hemozoin   
nucleation (Mury et al.  2009 ). Interestingly, heme aggregates that may resemble 
 hemozoin   were detected recently in  An.    gambiae    females that ingested a blood meal 
(Magalhaes  2014 ). As these aggregates seem to be excluded from the PM, it is 
tempting to speculate that the PM in blood sucking mosquitoes functions in  heme 
detoxifi cation   by an ultrafi ltration-based mechanism that is similar to that  of    tannin   
detoxifi cation.  

8.5.4     Functions as an Anti-Infectious Barrier 

 Nutrients are frequently contaminated with viruses, bacteria, fungi or parasites. 
Thus, potential pathogens can easily invade the intestine together with the ingested 
food, and establish more or less devastating infections. Preventing infections is 
essential to insects for survival. Increasing knowledge on innate immunity has accu-
mulated during the past decades and the mechanisms of how insects fi ght invading 
microorganisms and viruses have been partially deciphered. The PM has been rec-
ognized as an important factor in this fi ght, as it acts as a fi rst-line of defense in the 
midgut. Indeed, protection of the midgut epithelium from pathogens ingested with 
the food may be one prime reason why insects produce a PM (Lehane  1997 ). As a 
physical barrier with limited  pore sizes   and carbohydrates acting as adhesive sites, 
it is effective in preventing many pathogens from getting access to the midgut epi-
thelium (Sutherland et al.  1986 ; Laurent  1964 ; Ponnudurai et al.  1988 ). Accordingly, 
disruption of the PM’s barrier function has been shown in a number of cases to 
promote infections and increase mortality. For instance, feeding of the mammalian 
galectin-1 to larvae of the diamondback moth,  Plutella xylostella , leads to reduced 
survival rates as a consequence of PM disruption by this  lectin  , which is thought to 
interfere with PM structure by chitin binding and thus with the PM’s barrier func-
tion against bacteria (Chen et al.  2009 ). Similar fi ndings were obtained for  D.    mela-
nogaster    mutants defective in PM production due to the loss of a functional form of 
the  drosocrystallin   gene (Kuraishi et al.  2011 ). These mutant fl ies showed an 
increased susceptibility to oral infections with the  entomopathogenic bacteria   
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 Pseudomonas entomophila  and  Serratia marcescens . Interestingly, the PM of the 
tsetse fl y appears not to be a physical barrier to the establishment of a bacterial 
infection, but it may be involved in modulating host immune detection of ingested 
bacteria (Weiss et al.  2014 ). In contrast, an intact PM reduces infection rates with 
the parasitic trypanosomes in tsetse’s gut. 

 To avoid the PM barrier, some bacteria use developmental periods when the PM 
is naturally discontinuous to invade into the  ectoperitrophic space  . First-instar lar-
vae of the bagworm moth,   Dahlica triquetrella   , for instance, stay uninfected during 
the larval feeding stage but become infected during ecdysis when the PM becomes 
permeable to bacteria in some regions (Puchta and Wille  1956 ). 

 In addition, ingested microfi larial nematodes such as the   Brugia pahangi    para-
site are effi ciently blocked by the PM of the mosquito  Ae. aegypti , as they are only 
able to enter the hemocoel directly after a blood meal, when the PM is not yet 
formed completely (Perrone and Spielman  1986 ). Upon PM formation, the microfi -
lariae are confi ned in the midgut lumen of  Ae. trivittatus  demonstrating the impor-
tance of the PM’s barrier function to prevent parasitic infection (Sutherland et al. 
 1986 ). The  meconial   PM is a specialized PM surrounding the  meconium  , synthe-
sized at the early pupal stage. Around the time of adult emergence sometimes a 
second  meconial   PM is formed. This structure allows the encapsulation of potential 
pathogenic microorganisms ingested during larval stages within the midgut avoid-
ing infections during the dormant pupal stage. Subsequent extrusion of  meconial   
PMs after adult emergence sterilizes the midgut (Moncayo et al.  2005 ). Next to 
physical retention by size exclusion, the PM also mediates immobilization of patho-
gens by serving as an alternative glycosylated adhesion site mimicking the surface 
of the  glycocalyx   present at midgut epithelial cells. This effectively defl ects patho-
gens from attaching to the midgut epithelium (Mantle and Husar  1994 ; Smith et al. 
 1995 ). 

 Attachment to the PM is of special signifi cance also for the defense against 
viruses, because not all insect species produce a PM with an  exclusion size  , which 
is suffi cient to restrain harmful particles by size along the whole midgut (Barbehenn 
and Martin  1995 ; Edwards and Jacobs-Lorena  2000 ). However, the effi ciency of 
protection from viral infections varies largely among different insect species and 
depends on the mode of PM formation. For instance, adult hematophagous Diptera 
that produce a  type II   PM are largely resistant to  arboviral vectors   and do not trans-
mit these viruses, whereas adult Diptera with  a   type I PM transmit arboviral dis-
eases. It is also worth mentioning that mosquito larvae with a  type II   PM are diffi cult 
to infect with these viruses (Stoltz and Summers  1971 ). Also the role of the PM 
from lepidopteran larvae that produce either  a   type I PM (as in the case of  T. ni ) or 
a  type II  -like PM (as in case of  H.    virescens   ) has been examined for its potential to 
protect from viral infections. Using a recombinant  baculovirus   containing the  lacZ  
reporter gene, which allowed monitoring early viral pathogenesis and dose- mortality 
relationships, Washburn et al. ( 1995 ) concluded that PM provides little protection 
from baculoviral infections because the midgut epithelium is not permanently pro-
tected by a PM throughout development. In contrast to this report, Wang and 
Granados ( 1998 ) provided evidence for the presence of a PM prior to, during, and 
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immediately after ecdysis of  T. ni  larvae. Based on the additional fi nding that pro-
teolytic degradation of the PM increased  viral infectivity  , these authors suggested 
the PM indeed serves as a partial barrier to viruses. This was further supported by 
the fi nding that treatment of  T. ni  larvae with calcofl uor white, a compound known 
to inhibit PM formation, resulted in an increased susceptibility to baculoviral infec-
tion (Wang and Granados  2000 ). More direct evidence supporting a role of the PM 
in preventing viral infections was provided in a study comparing the velvetbean 
caterpillar,   Anticarsia gemmatalis    being resistant or susceptible to baculoviral 
infections. Here, structural preservation of the PM in resistant larvae suggested that 
it is involved in preventing baculoviral infections (Levy et al.  2011 ). Similar results 
suggesting that the PM is a barrier to virus transmission were reported for house-
fl ies,   Musca domestica    ,  and a different virus (Boucias et al.  2015 ). Normally feed-
ing fl ies are resistant to  per os  infections with the salivary gland hypertrophy virus 
MdSGHV. However, when the larvae were fed with a diet containing reducing 
agents such as dithiothreitol (DTT), which evidently disrupts the PM to various 
degrees, they showed signifi cantly increased infection rates compared to control 
fl ies with intact PMs. 

 As mentioned in this paragraph, the resistance of insects to viral infections varies 
among different insects and viruses. As we will see in the next chapter, some viruses 
have developed particular strategies to overcome the PM barrier, which might 
explain why some viruses have a particularly high virulence in insects.   

8.6     Mechanisms Developed by Pathogens and Parasites 
to Cross the PM Barrier 

 Coevolution between insects and pathogens has created mechanisms by which 
ingested viruses, bacteria and parasites became capable of perturbing existing 
defense mechanisms. Next to strategies that interfere with innate immunity, some 
pathogens and parasites have developed mechanisms that lead to the disruption of 
the PM barrier allowing them to enter the  ectoperitrophic space   and invade the mid-
gut epithelium (Derksen and Granados  1988 ; Shao et al.  2001 ; Abraham and Jacobs- 
Lorena  2004 ). For instance, a chitinase is used by   Plasmodium falciparum    ookinetes, 
which disrupts PM integrity in order to reach the underlying epithelial tissue 
(Shahabuddin et al.  1993 ). In the following section, we will discuss the most promi-
nent examples of mechanisms to interfere with the PM’s barrier function. 

8.6.1     Chitin Degradation 

 One of the  fi rst   reports that pathogens or parasites actively disrupt the PM barrier 
originates from a study in which Huber et al. ( 1991 ) demonstrated that the ookinete 
of the avian  malaria parasite     Plasmodium gallinaceum    secretes an chitinase to 
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disintegrate the chitin fi brils of the PM allowing them to cross the barrier. In line 
with this study, Shahabuddin et al. ( 1993 ) found that the chitinase inhibitor, 
allosamidin, blocked oocyte development of the parasite in the mosquito midgut, an 
effect that was reversed by supplementing the blood meal with exogenous chitinase, 
which prevented PM formation. Further studies suggested that the activities of more 
than one chitinolytic enzyme  are   required to allow the  P.    gallinaceum    ookinete to 
pass the PM (Vinetz  2005 ). Subsequent studies on the human  malaria parasite  , how-
ever, showed that the PM of  An.    tesselatus    is not an effi cient barrier for the  P.    vivax    
ookinete  whereas   PM passage of the late  P.    falciparum    ookinete  is   facilitated by 
chitinases (Ramasamy et al.  1997 ). Mammalian malarial parasites either express a 
smaller or larger version of the chitinase from a single gene locus. In  P.    vivax    and  P. 
knowlesi  and some rodent parasites, a large chitinase that contains a catalytic 
domain and a chitin-binding domain is utilized, whereas in  P.    falciparum    and  P. 
reichenowi  a small chitinase that lacks the chitin-binding domain is used (Li et al. 
 2005 ). In contrast, the avian parasites  P.    gallinaceum    and  P. relictum  have two func-
tional gene copies, which encode a large (CHT1) and a small (CHT2) chitinase (Li 
et al.  2005 ; Garcia-Longoria et al.  2014 ). Notably,    PM proteoglycans serve also as 
recognition sites for the attachment of the ookinetes to the PM. 

 Other parasites disrupt the PM by means of chitinases to get access to the midgut 
epithelium. The   Leishmania  parasites  , for instance, which are ingested with the 
blood meal by the sandfl y   Phlebotomus papatasi   , lyse the chitin layer of  the   peri-
trophic membrane in the anterior midgut by the activities of a chitinase and an 
  N -acetylglucosaminidase  , which they produce and secrete (Schlein et al.  1991 ). 
Similar chitinolytic activities were detected in cell culture supernatants from other 
trypanosomatid species. Remarkably, the   Leishmania  parasite   also benefi ts from the 
PM, as it protects the parasite from midgut hydrolytic activities at a time when they 
are particularly susceptible to proteolytic damage (Pimenta et al.  1997 ). More 
recently, a recombinant chitinase from  L. donovani  (LdCHT1)  was   expressed in 
 Escherichia coli , purifi ed and enzymatically characterized (Razek-Desouky et al. 
 2001 ). This enzyme turned out to exhibit endochitinase activity. However, not all 
parasites use chitinases to facilitate permeation through the PM. In tsetse fl ies there 
is some evidence that the PM is not a physical barrier to   Trypanosoma brucei rhod-
esiense   , and they do not express chitinolytic activities (Welburn et al.  1993 ). 

 Chitinolytic  activities   have also been implicated to play a role as in the pathogen-
esis of  Bt  in infected insects (Sampson and Gooday  1998 ). Two subspecies Bt 
 israelensis  IPS78 and Bt  aizawai  HD133 were shown to exhibit high larvicidal 
activities against larvae of the midge   Culicoides nubeculosus    and the caterpillars of 
 S.    littoralis   , respectively. Both strains produce high amounts of chitinolytic activi-
ties. When the chitinases were inhibited  by   treatment with allosamidin, the  larvicidal 
activities of both bacterial strains were strongly inhibited. On the other hand, when 
chitinase was added to the diet of the larvae, the larvicidal effects were increased.    In 
another study,  B.    thuringiensis    ssp.  kurstaki  HD-1(G) was identifi ed as an effi cient 
chitinase producer and its insecticidal activity was assayed in   P. xylostella    (Wiwat 
et al.  2000 ). This strain exhibited signifi cant higher toxicity to the larvae than a 
 B.    subtilis    ssp.  kurstaki  strain that produces no chitinase. It is tempting to speculate 
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that the chitinases of  B.    thuringiensis    act as virulence factors,    as they disrupt the PM 
and facilitate the cry-δ- endotoxin   to cross the barrier and bind to the receptor on the 
apical membrane of midgut epithelial cells. Chitinases are produced widely by 
 B. thuringiensis , as from 70 strains examined 38 have been tested positive for chi-
tinolytic activity. For some of these strains further evidence has been provided that 
chitinase activity enhances their toxicity in larvae of the beet armyworm,  Spodoptera 
exigua  (Liu et al.  2002 ). 

 Finally,     entomopathogenic viruses   also use chitinases to enhance virulence and 
they seem to be involved in the terminal stage of infection of host insects (Hawtin 
et al.  1997 ; Vieira et al.  2012 ; D’Amico et al.  2013 ). Although the precise function 
of the chitinase still needs to be unraveled, it cannot be excluded that one function 
is to  permeabilize   the PM at a certain stage of the viral life cycle or host develop-
ment (Ishimwe et al.  2015 ).    The fi rst such chitinase was described in the  baculovirus   
 Autographa californica  MNPV (AcMNPV) (Hawtin et al.  1995 ). Later on, chitin-
ases were identifi ed in other  baculoviruses   too, and they all belong to family 18 
glycohydrolases also found in mammals, bacteria, plants, and fungi (Jollès and 
Muzzarelli  1999 ).    Meanwhile, it turned out that most  baculoviruses  , specifi cally 
those that infect lepidopteran larvae, contain chitinase genes. Interestingly, apart 
from  baculoviruses  , only Chlorella viruses were reported to produce chitinases 
(Hiramatsu et al.  1999 ). For baculoviral chitinases it has been suggested that the 
ancestral form may  have   been acquired from lepidopteran insects by horizontal 
gene transfer, either from an intestinal bacterium of the lepidopteran gut or from  an 
  intron-less gene encoding a lepidopteran chitinase (Kang et al.  1998 ; Hawtin et al. 
 1995 ; Daimon et al.  2003 ). Synergistic effects were observed upon infection of 
 S.    littoralis    larvae with fi ve isolated bacterial strains producing chitinolytic enzymes 
in combination with Cry toxin from  B. thuringiensis , as lethality was increased 
compared to treatments with either bacteria or Cry toxin alone. This is explained by 
facilitated access of the toxin  to   epithelial membrane receptors in case of a disrupted 
PM (Sneh et al.  1983 ).  

8.6.2      Proteases that Cleave PM-Associated Proteins 

 The pathogenesis of baculoviral infections has been extensively studied, and many 
factors have been identifi ed that enhance  viral infectivity  . Among them were chitin-
ases, as described above, but also viral enhancing factors that in contrast to chitinase 
evidently lead to changes in PM structure. One of the factors was found within the 
occlusion bodies of granulosis viruses from the armyworm   Pseudaletia unipuncta   , 
 T. ni  and the setaceous Hebrew character  Xestia c-nigrum  (Tanada  1959 ; Derksen 
and Granados  1988 ; Goto  1990 ; Granados and Corsaro  1990 ). Due to their enhanc-
ing effects on NPV infection, these proteases were termed “ enhancins  ” (Corsaro 
et al.  1993 ). This factor was shown to be a metalloprotease that accounts for the 
degradation of  specifi c   mucin-like PMPs leading to the disruption of the PM from 
 T. ni  larvae (Lepore et al.  1996 ; Wang and Granados  1997a ). This function is in 
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contrast to other baculoviral matrix metalloproteases that appear to share some 
redundant functions with viral  cathepsins   (Ishimwe et al.  2015 ). Genes encoding 
enhancin-like proteases were found in a number of baculoviral genomes. They are 
usually present as single copy genes, but sometimes also as multi-copy genes 
(Slavicek and Popham  2005 ). As components of viral occlusion bodies,    enhancins 
are released along with the virions upon ingestion and facilitate infection by PM 
degradation. Evidence for this hypothesis is based on the fi nding that the PM treated 
with  TnGV   enhancin changes its structure and  permeability   (Derksen and Granados 
 1988 ; Gallo et al.  1991 ; Peng et al.  1999 ). In addition, recombinant  baculoviruses  , 
which  express   enhancin genes from different sources, have been shown to have 
increased virulence in different lepidopteran species (Derksen and Granados  1988 ; 
Gallo et al.  1991 ; Lepore et al.  1996 ; Guo et al.  2007b ; Toprak et al.  2012 ). In con-
trast, mutant  baculoviruses   lacking a functional version of  the   enhancin gene 
showed decreased viral potency (Bischoff and Slavicek  1997 ; Popham et al.  2001 ). 
Interestingly, the degradation  of   mucin-like PMPs may depend on deglycosylation, 
as partially and fully deglycosylated forms of the PM protein McMUC1 were pref-
erentially degraded in  M.    confi gurata   , after infection of the larvae with the  M. con-
fi guata   multicapsid nucleopolyhedrovirus   (McMNPV) (Shi et al.  2004 ). From the 
fi nding that a  double   enhancin deletion construct of the gypsy moth,   Lymantria 
dispar    MNPV was less infectious compared to wild-type LdMNPV, when it was 
used to infect larvae treated with  calcofl uor white   to disrupt the PM, it may be con-
cluded  that   enhancins may have additional target sites to increase  viral infectivity   
(Hoover et al.  2010 ). 

 Enhancin-like metalloproteases were also identifi ed in several bacterial species 
but with biochemical functions different from the  baculoviral   enhancins (Galloway 
et al.  2005 ; Hajaij-Ellouze et al.  2006 ). The gene product of the  bel  gene from 
 B. thuringiensis , however, was found to have an activity similar to that of the  viral 
  enhancin, as Bel was shown to disrupt the PM and  degrade   mucin-like PMPs in the 
larval midgut of the cotton bollworm,  Helicoverpa armigera , both  in vivo  and  in 
vitro  (Fang et al.  2009 ). 

 Notably, plants also produce proteases to weaken the PM’s protective barrier 
function as a defense strategy. This mechanism was intensively studied in case of an 
insecticidal 33-kDa cysteine protease from   Zea mays   , which evidently damages the 
PM by degrading PM-associated proteins when ingested by larvae of  S.    frugiperda    
(Pechan et al.  2002 ; Mohan et al.  2006 ). In response to the action of the protease, 
genes encoding PM constituents and digestive enzymes were found to be upregu-
lated presumably to compensate for the loss of PM function (Fescemyer et al.  2013 ). 
Due to its activity to increase PM  permeability  , the cysteine proteases synergize the 
toxicity of δ-endotoxins from  B. thuringiensis . They also increase the effi cacy of 
plant-mediated  RNA interference  , as transmission of the  dsRNA   produced by trans-
genic plants is facilitated (Mohan et al.  2008 ; Mao et al.  2013 ). Remarkably, her-
bivorous insects such as  T. ni  seem to have developed a counter-strategy to prevent 
the attack of plant cysteine proteases on the PM by producing inhibitors in the 
digestive tract (Li et al.  2009 ).  
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8.6.3     PM Disruption by Viral Spindles 

  Entomopoxviruses (EPVs)   have been shown to promote baculoviral (NPV) infec-
tions (Mitsuhashi et al.  1998 ; Hukuhara et al.  1999 ). The genomes of many of these 
viruses encode a protein named fusolin that forms spindle-like structures. It was 
demonstrated that the spindles, but not spheroid forms which contain little or no 
fusolin, lead to the disintegration of the PM and increased PM  permeability   for the 
NPV virions (Mitsuhashi and Miyamoto  2003 ; Mitsuhashi et al.  2007 ). Using dif-
ferent EPV deletion mutants and testing them for their ability to enhance BmNPV 
infectivity in  B.    mori    larvae, Takemoto et al. ( 2008 ) provided evidence that the 
 N -terminus of fusolin is essential for its function, whereas the  C -terminus is elimi-
nated in the digestive juice. The  N -terminus contains a chitin-binding domain, 
which is required for the disruption of the PM barrier. In addition, an   N -glycosylation   
site in the  N -terminal half was found to be important for fusolin function. Further 
research on the EPV spindles demonstrated that co-treatment of the cupreous cha-
fer,   Anomala cuprea   , with both fusolin and a Bt δ-endotoxin improved insecticidal 
effi cacy (Mitsuhashi et al.  2014 ). Recently, the structure of the viral spindles was 
solved at high resolution by X-ray micro-crystallography using crystals purifi ed 
from infected insects. This study suggested that disruption of the PM by fusolin is 
caused by a globular domain that has the hallmarks of a lytic polysaccharide mono-
oxygenase from chitinovorous bacteria capable of degrading chitin by oxidation. 
The monooxygenase domain is released as a result of destabilization of the protein 
structure in the digestive juice of the midgut.   

8.7     Comparative Genomics: PMPs in Different Insect 
Orders 

 Genome sequence analysis of coleopteran and lepidopteran insects provided fi rst 
insight into the evolution PMP  encoding genes  , particularly of their CBDs. In the  T.  
  castaneum    genome, 11 genes were identifi ed that encode putative PMPs with 1–14 
CBDs from a set of a total of 42 CBDs (Jasrapuria et al.  2010 ). In contrast,  M.    sexta    
has 16 putative PMP genes with 1–14 CBDs from a set of a total of 67 CBDs 
(Tetreau et al.  2015 ). Phylogenetic analyses of the CBD coding sequences from 
both species revealed no clustering either by species or by sequence homology. 
However, many of the CBDs found within one particular PMP cluster together. This 
was also observed when additional sequences from dipteran (the southern house 
mosquito,   Culex quinquefasciatus   ), hymenopteran (the jewel wasp,   Nasonia vit-
ripennis   ) and lepidopteran species ( B. mori , the monarch bitterfl y   Danaus plexip-
pus   ,  H. armigera ,  M.    confi gurata   , the oriental leafworm   Spodoptera litura   , and 
 T. ni ) were considered. Based on these fi ndings, Tetreau et al. ( 2015 ) suggested that 
diversifi cation of CBDs found in PMPs has occurred after radiation of insect spe-
cies, even though the PMP domains seem to have emerged earlier. In this context, it 
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is also interesting to discuss whether the CBDs from PMPs have a common origin. 
From the fi nding that CBDs from PMPs and CPAP3s are in the same branches in 
several insect species, it was concluded that the PMP-CBDs may have originated 
from CPAP3 CBDs. Following gene duplication, they may have been incorporated 
into gut-specifi c genes  with   mucin-like domains (Tetreau et al.  2015 ). Most of the 
PMP genes from  T.    castaneum    are expressed primarily in the midgut, and many of 
them are expressed in particular regions of the midgut (Jasrapuria et al.  2010 ). As 
mentioned earlier in this chapter, the  number of CBDs   present in the PMPs from 
 T.    castaneum    correlates with the region where they are expressed in the midgut 
(Agrawal et al.  2014 ). However, currently it is not known whether this correlation 
does also apply to other insect species, and whether differences between the CBDs 
relate to different functions of the PMPs. Clearly more comparative analyses are 
needed to shed light onto this question.  

8.8     PM as a Target for Pest Control 

 Because the PM is evidently crucial in many insects for nutrition and protection 
from enteric pathogens, it is an attractive target for pest control. There are many 
compounds available, which disrupt PM function by different means. On the one 
hand, there are available compounds that bind chitin whereby PMPs essential to 
maintain PM architecture are displaced, or the  pore sizes   in the three- dimensional 
meshwork are narrowed down. On the other hand, different enzymes can be 
employed to destroy the chitin fi brillary network or PMP function. All of these 
compounds and enzymes can be applied along with ingested insecticides to increase 
their effi ciency. In addition, RNAi-based strategies tackling genes involved in PM 
formation may prove effi cient to impair growth and development of pest insects. 

8.8.1     PM Active Compounds 

 PM active compounds interfere with the components of the PM in a way that affects 
the barrier function. These compounds include chitin binding molecules such as 
optical brighteners and  lectins  , or enzymes that have chitinolytic or proteolytic 
properties. 

8.8.1.1     Optical Brighteners 

 Optical brighteners such as  Calcofl uor white   or  Congo red   have been demonstrated 
to interfere with chitin microfi bril formation in unicellular algae (Herth  1980 ). 
When the PM from larvae of  T. ni  is treated with Calcofl uor white, the majority of 
PMPs is released into the supernatant demonstrating that this compound competes 
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with the PMPs for binding sites on the chitin microfi brils (Wang and Granados 
 2000 ). Further experiments showed that feeding  Calcofl uor white   to larvae leads to 
the disruption of the PM in fi ve different lepidopteran species (Wang and Granados 
 2000 ). Because of PM disruption by  calcofl uor white   treatment, the larval develop-
ment was retarded and mortality increased. Thus, the mechanism of PM disruption 
by chitin binding agents has been suggested as one possible approach to develop 
novel strategies in pest management (Wang and Granados  2000 ). For instance, 
genes encoding chitin-binding domains could be used to create transgenic plants. 
Once they have been ingested with the plant material by herbivorous insects, the 
expressed CBDs would impair PM function and midgut physiology. As the larvae  of 
T. ni  treated with  Calcofl uor white   became more susceptible to baculoviral infec-
tions,    chitin binding domains may also be used to increase the effi ciency of biologi-
cal insecticides (Wang and Granados  2000 ). However, it is obviously not suitable to 
enhance the insecticidal effects of Bt Cry δ- endotoxins  , because the toxin presum-
ably binds to fragments of the disrupted PM and fi nally becomes excreted with the 
feces (Rees et al.  2009 ).  

8.8.1.2     Lectins 

 A large group  of   biological molecules that have carbohydrate-binding properties are 
lectins, which bind to the PM due to the presence of chitin and glycosylated PMPs. 
The fi rst lectin used to reliably label the PM of different insects for electron micros-
copy was gold-conjugated  wheat germ agglutinin (WGA)  , which preferentially 
binds to  N - acetylglucosamine   residues in chitin and PM glycoproteins (Peters and 
Latka  1986 ).    While in  An.    gambiae    and  A.    aegypti    only lectins specifi c for 
 N - acetylglucosamine   bind to the PM and the microvillar  glycocalyx   (Rudin and 
Hecker  1989 ),    studies using labeled lectins identifi ed different carbohydrate moi-
eties in the PM of  G. morsitans    morsitans    (Okolo et al.  1988 ). Some of these lectins 
such as the  Galanthus nivalis   agglutinin   exhibit well-known insecticidal activities 
and the toxicity is thought to be mediated by binding to glycoproteins on the inner 
surface of the midgut (Pusztai  1991 ). Indeed, ultrastructural studies demonstrated 
that these lectins bind to the apical region of the midgut epithelium (Gatehouse et al. 
 1984 ; Powell et al.  1993 ; Sauvion et al.  1996 ; Sauvion et al.  2004 ). Next to the api-
cal membranes of gut epithelial cells, different insecticidal  lectins such as   
 Concanavalin A (ConA)  , WGA and lentil lectin also bind to the carbohydrate moi-
eties of the PM (Eisemann et al.  1994 ). The latter observation was paralleled by a 
reduction in PM  permeability   and diminished food uptake, which may indicate that 
the lectins block the pores of the PM. Fitches and Gatehouse ( 1998 ) showed that 
ConA binds to PM-associated proteins  in vitro   next   to proteins present in the brush 
border (Fitches and Gatehouse  1998 ). Similar binding properties were reported for 
the mannose-binding lectin DB1 from  Dioscorea batatas  in larvae of  H. armigera  
(Ohizumi et al.  2009 ). Finally, ultrastructural analysis of WGA effects in the larval 
midgut of the  O.    nubilalis     fi nally   provided evidence that the insecticidal lectin inter-
feres with PM formation and integrity, which may induce the appearance of 
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additional PM layers, disruption of microvilli and nutritional defi ciencies (Harper 
et al.  1998 ). In contrast to  O.    nubilalis   , however, larvae of  M.    sexta    tolerate high 
WGA amounts in their diet with no visible signs of PM disintegration, which was 
explained by differences in PM organization between both species (Hopkins and 
Harper  2001 ). Another example is  labramin  , a lectin-like protein from seeds of the 
beach apricot tree (Labramia bojeri),    which causes insecticidal effects in the 
 Mediterranean   fl our moth,   Ephestia kuehniella   , possibly by perturbing the PM’s 
function partitioning digestive enzymes (Martinez et al.  2012 ). However, it has to be 
noted that the PM is not only a target for lectins, but also may protect midgut epi-
thelial cells from their insecticidal activity. In  T.    castaneum    for instance, differences 
in the insecticidal activities of   Sambucus nigra  agglutinin II   (SNA II) and   Rhizoctonia 
solani  agglutinin   (RSA) were shown to be due to different PM  permeabilities   for 
these lectins (Walski et al.  2014 ). While SNA II was more toxic  to   cultured  T.    cas-
taneum    cells than RSA, it was less toxic to whole larvae, presumably because SNA 
II passed less effi ciently through the PM as evidenced by confocal microscopy. 
Thus, the insecticidal effect of lectins on gut physiology may have several interde-
pendent causes. The fi nding that some lectins are also effi cient in hemipteran spe-
cies underlines the presence of target sites other than the PM. Nevertheless, the fact 
that lectins have insecticidal activities of which some are evidently related to the 
disruption of the PM, make them attractive molecules for pest control, particularly 
because their genes can be used to create transgenic plants. Several  studies   demon-
strated insecticidal effects in transgenic plants expressing lectins. For instance, the 
  Galanthus nivalis  agglutinin (GNA)   impairs growth and development when fed to 
different insect species including hemipterans, and similar effects were observed 
when the insects were allowed to feed on transformed plants (Down et al.  1996 ; Rao 
et al.  1998 ; Nagadhara et al.  2004 ). Using RNAi and transgenic  tobacco plants  , 
Vandenborre et al. ( 2010 )    showed the involvement of  the Nicotina tabacum  agglu-
tinin in the defense against  S.    littoralis    and  M.    sexta   . Moreover, synergistic effects 
were reported when plant lectins were co-expressed with other insecticidal genes. 
For instance, the combined expression of genes for the pea lectin and  cowpea tryp-
sin inhibitor   in transgenic  tobacco plants   resulted in a higher protection against 
 H.    virescens    compared to plants that only expressed single genes (Boulter et al. 
 1990 ). The approach of combining  a   plant defense gene with a lectin gene (resulting 
in a single insecticidal fusion protein) enhanced protection from plant-feeding pests. 
Such an experiment was performed with the  soya bean cysteine protease inhibitor   
and  Griffonia simplicifolia  lectin II. The recombinant fusion protein resulted in 
100 % mortality when fed to the cowpea bruchid ( Callosobruchus maculatus ), 
whereas the lectin or  the   protease inhibitor alone led only to about 50 %  of   mortality 
rate (Zhu-Salzman et al.  2003 ). Due to the high resistance of some lectins against 
proteolytic degradation, some researchers came up with the idea to use these lectins 
as carriers for guiding protease-sensitive insecticidal compounds safely through the 
gut to reach the hemolymph. A proof of concept for this strategy was reported by 
Fitches et al. ( 2002 ) in the bright-line brown-eye moth,      Lacanobia oleracea   , using 
GNA as a carrier and  M.    sexta    allatostatin (Manse-AS), a neuropeptide which has 
insecticidal activity when injected but not when fed, as it is rapidly degraded by gut 
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proteases (Audsley et al.  2001 ). When the recombinant GNA-Manse-AS fusion pro-
tein was fed to  L.    oleracea    larvae, the intact neuropeptide was delivered into the 
hemolymph (Fitches et al.  2002 ). Similar studies were performed with recombinant 
GNA fusion proteins with the ButaIT neurotoxin from the red scorpion,      Mesobuthus 
tamulus   , the spider-venom peptide ω-hexatoxin-Hv1a (Hv1a), or the spider venom 
peptide, δ-amaurobitoxin-Pl1a. All of them demonstrated oral insecticidal activities 
in various tested insects (Fitches et al.  2010 ; Fitches et al.  2012 ; Yang et al.  2014 ). 
Interestingly, the GNA-Hv1a fusion protein exhibited no toxicity to honey bees, 
  Apis mellifera   , and no adverse effects on learning  and   memory were observed 
(Nakasu et al.  2014 ). Recently, Tajne et al. ( 2014 ) demonstrated that a fusion protein 
of   Allium sativum  agglutinin (ASAL)   and  Bt  Cry1Ac δ- endotoxin   is signifi cantly 
more toxic to larvae of the pink bollworm,   Pectinophora gossypiella   , and  H. armi-
gera  in comparison to feeding experiment using the unfused Cry1Ac toxin. In this 
case, the effect was explained by increased binding of the lectin- Cry1Ac  to 
  carbohydrate- binding sites in the midgut.  

8.8.1.3     Chitinases 

 Although chitin is absent in plants, they express chitinases in response to different 
biotic and abiotic stresses such as heat, cold, drought, soil salinization or harmful 
microorganisms and parasites (Cletus et al.  2013 ). Chitinase genes from plants and 
other sources have been used to create transgenic plants to induce resistance mainly 
against fungal diseases (Ceasar and Ignacimuthu  2012 ). However, it was also real-
ized that chitinase have a potential to control agricultural pests and insect vectors for 
human diseases. For instance, heterologous expression of the poplar chitinase 
(which is naturally upregulated upon gypsy moth infestation) in tomato plants effi -
ciently retards growth and development of the Colorado potato beetle,   Leptinotarsa 
decemlineata    (Lawrence and Novak  2006 ). In many cases, it has been reported that 
the PM is a major target for these exogenous chitinases. In addition, insect midgut 
chitinases, which are required for PM turnover, were identifi ed as promising targets 
to interfere with the PM and thus with the life cycle of parasites that attach to the 
PM before penetration. 

 In the early 1990s chitinases secreted by different parasites including  Plasmodium  
and  Leishmania  have been implicated in the invasion process of the midgut epithe-
lium by disrupting the PM (Huber et al.  1991 ; Schlein et al.  1991 ; Shahabuddin 
et al.  1993 ). In addition, endogenous chitinases such as PpChit1 secreted by the 
midgut epithelium of the sandfl y,   Phlebotomus papatasi    are required for PM matu-
ration (Coutinho-Abreu et al.  2010 ). Accordingly, deletion of chitinase genes or 
RNAi-based silencing of their gene expression in the parasites results in reduced 
infectivity and impaired invasion of the host’s midgut epithelium (Dessens et al. 
 2001 ; Tsai et al.  2001 ; Coutinho-Abreu et al.  2010 ). Moreover, antibodies have been 
developed to interfere with the chitinase function. A single-chain antibody against 
 Plasmodium  chitinases was demonstrated to reduce parasite transmission to mos-
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quitoes (Li et al.  2005 ). In the sandfl y, an antiserum to the midgut chitinase PpChit1 
impaired degradation of the PM (Robles-Murguia et al.  2014 ). 

 Initially, attempts were followed to increase the insecticidal activity of Cry1C 
δ- endotoxin   by feeding exogenous chitinases, and it has been noted that feeding the 
chitinase on its own disrupts the PM already at a low concentration of about 100 ng/
ml (Regev et al.  1996 ). In line with this and other studies, the insecticidal activity of 
Cry1C δ- endotoxins   against  S. exigua  larvae was improved when the  Bt  subsp. 
Aizawai strain was genetically modifi ed to express a chitinase gene from  Bacillus 
licheniformis  (Thamthiankul et al.  2004 ). 

 Several studies confi rmed the insecticidal effects using recombinant chitinases. 
When ladybird beetles were fed on tomato leaves sprayed with microbial bead sus-
pensions containing chitinases produced by  Enterobacter cloacae , they showed 
reduced feeding and egg-laying compared to controls fed on non-treated plants 
(Otsu et al.  2003 ). Also a chitinase from  L.    oleracea    was cloned, expressed in the 
yeast  Pichia pastoris  and characterized for its insecticidal activity, which was addi-
tionally compared to the activity of a GNA-chitinase fusion protein to deliver it into 
the hemolymph after oral ingestion (Fitches et al.  2004 ). Both proteins were highly 
toxic to  L. oleacrea  larvae when injected into the hemolymph, and oral application 
caused decreased feeding and growth of the larvae. Interestingly, attachment of 
GNA did not increase the toxicity after oral administration as observed for several 
hormones and neurotoxins. Also a chitinase from viral sources was tested for insec-
ticidal activity. The recombinant chitinase A (ChiA) from the  Autographa califor-
nica   multicapsid nucleopolyhedrovirus   (AcMNPV), which was purifi ed from  E. 
coli  cell extracts, caused a 100 % mortality when fed to fi fth instar larvae of  B.    mori  
  at doses of about 1 μg/g body weight (Rao et al.  2004 ). As a result of ChiA treat-
ment, the PM structure was altered and PM  permeability   increased. Likewise, dis-
ruption of the PM was observed in adult Japanese pine sawyer beetle after feeding 
a recombinant chitinase from  B.    mori    (Kabir et al.  2006 ). Interestingly, ultrastruc-
tural analysis revealed no indications of changes in the midgut epithelium. Also the 
insecticidal activity of the ChiA enzyme from the  Epinotia aporema   granulovirus   
was tested. For this purpose, the ChiA was over-expressed in cell culture to yield 
recombinant occlusion bodies that were used to feed  A.    gemmatalis    larvae, and 
again the PM was found to be altered in structure (Salvador et al.  2014 ). The chitin-
ase genes discussed so far may be good candidates for the generation of transgenic 
plants with resistance to insect pests. 

 Ding et al. ( 1998 ) were the fi rst to generate a transgenic tobacco  plant   expressing 
an insect chitinase gene, and they showed that  H.    virescens    larvae fed on these 
plants exhibited reduced growth rates and caused less feeding damage when com-
pared to larvae fed on wild type plants. In addition, synergetic insecticidal effects 
were observed for the chitinase-expressing plants, when the leaves were coated with 
Bt δ-endotoxins. Also the baculoviral AcMNPV-ChiA gene was used to transform 
 tobacco plants   (Di Maro et al.  2010 ). The recombinant enzyme was shown to be 
stable at higher temperatures and at alkaline pH, which makes it particularly inter-
esting to combat lepidopteran pests, because the pH in the gut lumen can reach high 
alkaline values (Dow  1992 ). Indeed, its expression in  transgenic   tobacco plants 
mediated resistance against agricultural pests and fungi (Di Maro et al.  2010 ).  
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8.8.1.4     Proteases 

 Several plants, parasites and  entomopathogenic viruses   have been reported to pro-
duce insecticidal proteases that disrupt the PM’s barrier function. To protect from 
herbivorous pests, for instance, plants express defense genes that encode proteases, 
which confer resistance to many pest species. For instance, several maize (  Zea 
mays   ) lines have been reported to produce a 33 kDa cysteine protease in response to 
caterpillar feeding damage (Pechan et al.  2002 ). When the gene for this cysteine 
protease (named  mir-1 ) was used to transform black Mexican sweetcorn, the larval 
growth of  S.    frugiperda    was signifi cantly diminished. Ultrastructural examination 
of the PM of larvae fed on maize plants expressing the  mir-1  gene, revealed severe 
damage of the PM, which suggests that the observed growth defects are due to the 
loss of the PM function that facilitates digestion. When the recombinant  Mir-1 pro-
tein   was tested  in vitro , complete permeabilization was observed after treating the 
dissected PM with the protease, and the time until complete permeabilization was 
inversely proportional to the protease concentration (Mohan et al.  2006 ). Although 
the protease also damaged the PMs from  H.    zea   ,  D.    plexippus   ,  O.    nubilalis   ,  P.    amer-
icana    and  T.    molitor   , the PM from  S.    frugiperda    was most susceptible to Mir-1. Due 
to its general effects on PM  permeability  , Mir-1 synergizes the toxicity of sublethal 
concentrations of the Bt CryIIA δ- endotoxin   in four different lepidopteran species 
(Mohan et al.  2008 ). Notably, treatment of the isolated PM from  S.    frugiperda    with 
the  Mir-1 protein   preferentially led to the loss  of   mucin-like PMPs (IIMs), and lar-
vae fed on a maize line overexpressing the  mir-1  gene (Mp798) produced feces with 
a comparably low IIM content (Fescemyer et al.  2013 ). Genomic analysis of changes 
in global gene expression further revealed compensatory up-regulation of genes 
involved in PM biosynthesis in response to feeding on Mp708 maize. Interestingly, 
genes encoding different  hydrolytic enzymes   were also found to be higher expressed 
in the Mp708-fed caterpillars. 

 Similar to the Mir-1 protease, a cysteine protease found in the latex of papaya 
trees (  Carica papaya   ) and wild fi gs (  Ficus virgata   ) was reported to increase mortal-
ity and reduce the larval growth of different caterpillars including the Eri silkworm 
( Samia ricini ), the cabbage moth ( Mamestra brassicae ) and  S.    litura    (Konno et al. 
 2004 ). Treatment of papaya or fi g leaves with the  cysteine protease inhibitor E  -64 
reversed these toxic effects completely. Furthermore, plant cysteine proteases with 
potential roles in interfering with the PM function were identifi ed in genomic and 
proteomic studies performed in  tobacco plants   (  Nicotiana attenuata   ) and in 
  Arabidopsis thaliana    (Reymond et al.  2004 ; Schmidt et al.  2005 ; Little et al.  2007 ). 

 As already discussed in Sect.  8.6.2 , baculoviral genomes harbor genes that 
encode zinc metalloproteases that promote nuclear polyhedrosis virus (NPV) infec-
tivity in lepidopteran larvae, and disintegrate the larval PM by  cleaving   mucin-like 
PMPs (Derksen and Granados  1988 ; Wang et al.  1994 ; Wang and Granados  1997a ; 
Peng et al.  1999 ). When the  baculoviral   enhancin genes were used to transform 
tobacco or rice plants, reduced growth and high mortality were observed in different 
caterpillars that were fed on these transgenic plants (Cao et al.  2002 ; Mori et al. 
 2006 ). As in the case of chitinases and other PM degrading proteases,    enhancins 
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were shown to promote toxicity of  Bt   Cry-δ-endotoxins   (Granados et al.  2001 ). The 
fi nding that bacterial genomes including that of  Bt  contain  homologous   enhancin 
genes, may indicate horizontal gene transfer between these bacteria and NPVs 
(Ivanova et al.  2003 ; Read et al.  2003 ). However, only the  Bt  enhancin-like Bel- 
protein is capable of promoting oral toxicity of the Cry1Ac protein fed to  H. armi-
gera  larvae through PM disruption by  cleaving    mucin-like proteins   (Fang et al. 
 2009 ). As many of the  bacterial   enhancins do not promote baculo viral infectivity   in 
insect cells and even exhibit more cytotoxic effects, it was suggested that viral and 
 bacterial   enhancins have developed different functions (Galloway et al.  2005 ). In 
contrast to cysteine proteases and metalloproteases such as  the   enhancins, serine 
proteases apparently are not effective in degrading dissected PM or recombinant 
PMPs expressed in insect cells (Wang et al.  2004 ; Li et al.  2009 ).    

8.9     RNAi-Based Strategies 

 RNAi-based strategies of gene silencing have been proven to be highly powerful in 
analyzing gene functions not only in  D.    melanogaster    but also in many other insect 
species (Belles  2010 ). One of the best-characterized RNAi models is  T.    castaneum   , 
a crop pest whose genome has been sequenced and annotated (Brown et al.  2003 ). 
RNAi in  T.    castaneum    is very robust and causes systemic effects, which are simply 
induced by injecting  dsRNA   into the hemocoel of larvae, pupae or adults. In this 
way, numerous genes have been analyzed for their function in this species, and even 
parental RNAi-induced phenotypes in progeny insects were described (Bucher et al. 
 2002 ). In addition to help in unraveling gene functions, they have also been used in 
comparative approaches for analyzing developmental gene networks in different 
insect taxa to probe the evolutionary context of the involved signaling cascades 
(Brown et al.  1999 ; Peel  2008 ). RNAi has also been increasingly exploited as a 
mechanism to control insect pests in a highly species-specifi c manner. The poof of 
principle for RNAi being a suitable method in pest control was fi rst provided for the 
western corn rootworm,   Diabrotica virgifera virgifera   , and  H. armigera , using 
 dsRNA   to target the genes for V-ATPase subunit A and cytochrome P450, 
 CYP6AE14 , respectively (Baum et al.  2007 ; Mao et al.  2007 ). In both studies, 
 dsRNA   was fed to the larvae, which is feasible under laboratory conditions but lim-
its practical applicability of RNAi, because  dsRNA   simply sprayed onto plants 
would be exposed to environmental factors that lead to disintegration. However, 
expression of  dsRNA   by transgenic plants evidently circumvents such problems and 
makes RNAi an extremely promising technique in pest control. However, in lepi-
dopteran insects large variations and inconsistent results regarding the success of 
RNAi-induced gene silencing were reported (Terenius et al.  2011 ). These diffi cul-
ties may be due the extremely high pH in the midgut of lepidopteran species, which 
may reduce RNAi effi cacy signifi cantly, when  dsRNA   is orally administered. In 
addition, the stability of  dsRNA   in the hemolymph may be limited particularly in 
lepidopteran species because of  dsRNAse   activity (Garbutt et al.  2013 ). Interestingly, 
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also the PM itself has been suggested to be an effective barrier for  dsRNA  , because 
cysteine proteases, which evidently increase PM  permeability  , enhance plant- 
mediated  RNA interference   in the bollworm (Mao et al.  2013 ). 

 For improving the effi cacy of sprayed RNA in pest insects, carriers such as bac-
teria, viruses or nanoparticles, and the application of PM active proteases may help 
to protect the  dsRNA   from adverse environmental factors, and to facilitate PM per-
meation. To circumvent problems arising from RNAses present in the hemolymph 
of lepidopteran species, essential genes that are specifi cally expressed in the midgut 
epithelium may be used as suitable targets for RNAi. As V-type ATPases are critical 
for energization of nutrient uptake and alkalinization of the midgut lumen, RNAi- 
induced silencing of genes encoding different subunits of this multimeric enzyme 
complex has been reported repeatedly to be successful in orally inducing mortality 
in various insects including lepidopteran larvae (Whyard et al.  2009 ; Jin et al.  2015 ). 
As the PM is important for insect nutrition and defense against pathogens, genes 
involved in PM formation and its maintenance may prove useful in RNAi-mediated 
pest control. Such genes include those encoding enzymes involved in chitin forma-
tion such as  Gfat1  (glutamine:    fructose-6-phosphate amidotransferase-1),  UAP  
( UDP- N -acetylglucosamine pyrophosphorylase  ) and  CHS2  (chitin synthase 2) 
(Arakane et al.  2005 ; Kato et al.  2006 ; Arakane et al.  2011 ; Kelkenberg et al.  2015 ), 
as well as chitin modifying enzymes such as  CDAs  ( chitin deacetylases  ) and  CHTs  
(chitinases) (Khajuria et al.  2010 ; Quan et al.  2013 ). In addition, RNAi of genes 
encoding specifi c PMPs have been shown to affect PM  permeability   and  thickness   
(Kuraishi et al.  2011 ; Agrawal et al.  2014 ). In all these case,  dsRNA   injection has 
been shown to affect PM formation, and as a consequence nutrition and larval 
growth as well. Finally, some of these genes have been shown to be down-regulated 
after oral administration of  dsRNAs   in lepidopteran larvae (Toprak et al.  2013 ). 
Future studies will show the potential of these genes as targets for insect control.  

8.10     Concluding Remarks and Perspectives 

 Although substantial progress has been made in the past years that increased our 
understanding of the PM structure and function, there is still much to be learned. 
The fact that most insects have to produce a PM suggests that it provides important 
capabilities allowing them to survive and reproduce in a hostile environment. The 
PM serves as an effective fi rst line of defense against viruses, bacteria and parasites. 
However, some entomopathogens have evolved mechanisms to disrupt the PM bar-
rier by producing  hydrolytic enzymes   that disintegrate the chitinous meshwork or 
specifi cally degrade PM-associated proteins, which are usually resistant to prote-
ases. Due to the availability of fully annotated genomes for an increasing number of 
insects and improved mass-spectrometric techniques, much progress has been made 
in identifying PM components. RNAi allowed demonstration of loss-of function 
phenotypes and provided some clues on  in vivo  functions of specifi c genes. Their 
precise functions in organizing the PM meshwork, however, remain elusive. The 
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availability of recombinant proteins expressed in bacterial and insect cells will 
allow the examination of their individual potential in organizing  chitin nanofi bers     . 
In-depth analyses of protein-protein and protein-chitin interactions will resolve the 
details of PM architecture and allow addressing how PM properties may be regu-
lated in response to physiological changes. The combination of classical biochemi-
cal and modern biophysical methods including scanning electron, super-resolution 
fl uorescence and atomic force microscopy may provide further insights  into 
  structure- function relationships. We are currently establishing suitable techniques 
that allow addressing these questions to unravel the mechanism of PM formation, 
which presumably is a self-assembly process. As the disruption of the PM has been 
shown to interfere with growth, development and fi tness of pest insects, the PM has 
gained increasing attention as a potential target for pest control. PM-active com-
pounds have been shown to enhance the toxicity of chemical and biological insecti-
cides that are already in commercial use in forestry, agriculture and public health. 
Finally, genes that are required for PM formation may prove useful to create trans-
genic plants that express  dsRNA   for gene silencing. It is foreseeable that signifi cant 
progress will be made in the coming year in understanding the structure, function 
and regulation of the PM.     
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    Chapter 9   
 Composite Eggshell Matrices: Chorionic 
Layers and Sub-chorionic Cuticular Envelopes                     
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and     Ephraim     Cohen    

    Abstract     Many arthropods and the majority of insects lay their eggs without 
parental care. These immobile stages of life must rely on the various eggshell layers 
deposited upon the developing embryo to survive biotic and abiotic stresses such as 
desiccation, fl ooding, predators and pathogens. At the same time, these protective 
layers must allow sperm entry and gas exchanges. During insect oogenesis most of 
these layers are deposited by the follicle cells: vitelline membrane, wax layer, inner-
most chorionic layer, endochorion and exochorion. Follicle cells will also produce 
some regions with chorionic complexities such as micropyles, aeropyles and the 
operculum. After fertilization and egg deposition, the developing egg of insects and 
other arthropods produces a blastodermal or serosal cuticle, which is located below 
the vitelline membrane and serves as an additional protective extracellular structure. 
Through a literature survey comprising more than 40 species this chapter is dedi-
cated to the description of the formation, structure and physiology of these multilay-
ered and multiregional composite structures as well as the cellular and molecular 
mechanisms underlying it.  
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9.1        Introduction 

  Arthropod eggs are laid in  extremely   wide niches of habitats and microhabitats, and 
are exposed to various physical and biological challenges. Development of the egg-
shell is an elaborate and essential physiological adaptation in the evolutionary tran-
sition of insects and other arthropods from marine to terrestrial environments. The 
eggshell is the only protection for those species that lack  parental care  . Further 
evolution of species-specifi c eggshell composition, organization and morphology 
was likely been driven by the different ecological niches and  oviposition  al sub-
strates (Zeh et al.  1989 ). The eggshell is a boundary between the external environ-
ment and the developing embryo, and as such, provides protection against 
desiccation or fl ooding, predation and invasion of pathogenic microorganisms as 
well as providing resistance to mechanical stressors or temperature fl uctuations. At 
the same time it participates in embryo patterning and provides access to penetrat-
ing sperms, regulates  gas exchange   of oxygen supply and discharge of carbon diox-
ide, and allows hatching (Margaritis  1985a ). During  embryogenesis   a  cuticular egg 
envelope   is produced in many species. These cuticles will supplement or, in some 
cases, replace the protection granted by the maternal eggshell layers. 

 The fi rst part of this chapter deals with maternal eggshell layers in insects while 
the second part deals with the  cuticular egg envelope  s ( blastoderm  al or serosal  cuti-
cle  s) that are produced post- zygotic  ally in arthropods. In both parts how these lay-
ers are produced, their morphology, the genes and proteins associated with their 
formation and their physiological role are discussed.  

9.2     Maternal Eggshell Layers 

9.2.1     Eggshell Structure 

  Eggshell   of oviparous insects is largely a highly organized proteinaceous multilay-
ered multiregional composite structure. Due to its massively organized structural 
complexity, as well as because of the distinctive spatial and temporal programs, 
eggshell  formation   (mainly in the fruit fl y  Drosophila melanogaster ) has been used 
as a model system in developmental biology for the assemblage of complex extra-
cellular matrices (Margaritis et al.  1980 ; Margaritis  1985a ,  1986 ; Trougakos and 
Margaritis  2002 ; Waring  2000 ; Papantonis et al.  2015 ). It has been suggested that 
adaptation to diversifi ed ecological niches drives the evolutionary patterns of insect 
eggshell layers (Jagadeeshan and Singh  1997 ). Basically, the eggshell consists of a 
vitelline membrane close to the oocyte and the chorionic layers of the endochorion 
and a sculptured outer surface layer, the  exochorion  . The general morphology and 
anatomy of such layers has been conserved as described in a rare fossil eggshell 
about 145 MYA (Fisher and Watson  2015 ). 
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 Model insects for  the   fundamental and comprehensive studies on the morpho-
logical, histochemical, physiological, biochemical, molecular and genetic aspects 
of eggshell layers and  choriogenesis   have largely been restricted to dipteran species 
like  D. melanogaster , the olive fl y   Dacus oleae   , the cherry fl y,   Rhagoletis cerasi   , 
and the yellow fever mosquito  Aedes aegypti , or to lepidopteran organisms such as 
the silkmoth  Bombyx mori , the polyphemus moth   Antheraea polyphemus   , or the 
tobacco hornworm,   Manduca sexta    .  Diagnostic research tools employed in these 
studies include scanning and transmission electron microscopy (SEM and TEM), 
laser scanning microscopy (LSM) and freeze-fracturing that provided 3- dimentional 
images of eggshell surface, internal radial layers and regional structures (Margaritis 
et al.  1980 ; Mouzaki and Margaritis  1991a ,  b ; Mouzaki et al.  1991 ; Orfanidou et al. 
 1992 ). Morphogenesis and assembly studies were carried out by immunogold elec-
tron microscopy and immunoblot analyses, by pulse-chase autoradiography to fol-
low protein intercalation events and by use of selected mutants defective  in   eggshell 
assembly. More recently, proteomic, transcriptome and  gene silencing   techniques 
are expanding the fi ndings obtained in the  fi eld  . 

9.2.1.1     Radial Organization of Eggshell Layers 

 The apposition of  the   composite egg layers is depicted in the schematic presentation 
in Fig.  9.1 . The number of layers is based on a variety of publications mainly 
describing eggshell morphology and ultrastructure of dipterans ( D. melanogaster , 

  Fig. 9.1    A schematic presentation of the radial complexity of a holometabolan insect egg layers. 
Size of layers is out of scale. Anterior is to the  left . The  amnion   is produced from the margin of the 
embryo and it covers only the ventral side of the developing embryo. Embryo position related to 
the  yolk   varies in hemimetabolan insects       
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 A. aegypti, Anopheles gambiae ), lepidopterans ( B. mori ,  A.    polyphemus    )  or of a 
variety of odonate and coleopteran species. Insect species though may lack certain 
layers like for instance the  wax    layer   described in higher dipterans that is absent in 
some lepidopteran and mosquitoes (Monnerat et al.  1999 ). 

 Eggshell vitelline  membrane   and chorionic  layers (   wax   layer,  innermost chori-
onic layer  , endochorion and  exochorion  ) are the secretory products of the ovarian 
follicular epithelial cells that produce these layers at the last stages of  oogenesis   
(Sect.  9.2.2 ). Subpopulations of follicle cells are accountable for secretion and 
assembly of the various radial layers of the chorion as well as for its specialized 
regional constructs (Sect.  9.2.5 ). Two unicellular membranes cover the developing 
embryo: the  amnion   that covers the embryo ventrally and the  serosa   that covers the 
 amnion  , the entire embryo and the  yolk  . Both membranes are composed of extraem-
bryonic  cells   produced at early  embryogenesis   (Panfi lio  2008 ). The  serosa   secretes 
the serosal  cuticle  , the last eggshell matrix that will be produced and localized 
beneath the vitelline  membrane   (Sect.  9.3 ).

9.2.2          Dynamics of Eggshell Formation During Oogenesis 

 The insect eggshell is a composite  matrix   synthesized at late  oogenesis   by the fol-
licular cells that surround the oocyte. This intricate structure is composed of differ-
ent layers (Margaritis  1985a ; Chapman  2013 ), and its complexity is linked to a rich 
protein composition and also to an elaborate genetic process that coordinates their 
synthesis and deposition (Kafatos  1975 ; Chapman  2013 ). The process of vitelline 
membrane and other eggshell layers are well described during  D. melanogaster  
 oogenesis   and will be used to illustrate this process (Hinton  1981 ; Margaritis  1985a ) 
along with punctual comparisons with other  species  . 

9.2.2.1      Eggshell Formation in  Drosophila melanogaster  

 The  oogenesis   of  D. melanogaster  is divided in 14 consecutive stages. The vitelline 
membrane (VM) is the fi rst eggshell layer to be synthesized at the end of the  vitel-
logenesis   period. While genes of vitelline membrane  proteins   begin to be tran-
scribed between stages 8–10 of  oogenesis      (Margaritis  1985a ; Pascucci et al.  1996 ), 
the fi rst signs of its formation arise at stage 9A as small secreted vesicle proteins, 
the  vitelline bodies   (Fig.  9.2a ) (Klowden  2007 ; Chapman  2013 ).    Vitelline bodies 
are also described for  A. aegypti  and the German cockroach  Blattella germanica  
(Mathew and Rai  1975 ; Belles et al.  1993 ). At stage 10B of  D. melanogaster   the 
  vitelline bodies fuse and form a continuous and functional vitelline membrane (Fig. 
 9.2a ) (Margaritis  1985a ). In other insects, VM is secreted directly as a continuous 
layer as is the case of  B. mori, A.    polyphemus    and others lepidopterans (Margaritis 
 1985a ). In some species, the oocyte contributes to the synthesis of this structure 
(Chapman  2013 ). 
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 In  D. melanogaster   choriogenesis   is initiated at the end of  oogenesis   stage 11A 
with the formation of  the    wax   layer, located above the VM (Fig.  9.2b ). After this 
step, the formation of both  innermost chorionic layer   (ICL) and endochorion com-
mences at stage 11B. Between stages 12C to 14A, the formation of  pillars   occurs 
within the endochorion. At these stages ICL crystallization takes place and the 
endochorion is fully formed. The formation of the last, outermost eggshell layer, the 
 exochorion   occurs at stage 14A (Fig.  9.2b ) (Margaritis  1986 ). In  B. mori  and other 
lepidopterans, the  choriogenesis   is initiated by formation of the  trabecular layer   
(endochorion) (Hinton  1981 ; Margaritis  1985a )    .

9.2.2.2        Proteins Necessary for the Coordinated Secretion 
of Eggshell Material 

 In the fruit fl y, the polarity of the  follicular epithelium cells   depends on the function 
of canonical polarity determinants like  Crumb  s (Crb) and  Stardust   (Sdt) (Fletcher 
et al.  2012 ; Sherrard and Fehon  2015 ). The apical plasma membrane of follicle cells 
forms a dense array of  microvilli   that involve the function of  Cad99C   and  Myosin 
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  Fig. 9.2    Scheme of eggshell synthesis in the fruit fl y  D. melanogaster . ( a ) End of the  vitellogen-
esis   period, associated with vitelline membrane formation. Initially, the vitelline membrane is 
secreted  as   vitelline bodies at stage 9A and becomes a continuous layer at stage 10B. ( b ) 
 Choriogenesis   period occurs between stages 11 and 14, when all other eggshell layers are pro-
duced in the following order:     wax   layer,  innermost chorionic layer   (ICL), endochorion and  exo-
chorion  . During  choriogenesis  , the  innermost chorionic layer   crystallizes and  pillars   are formed 
within the endochorion. The oocyte is the topological reference: the innermost and outermost 
layers are the viteline membrane and the  exochorion  , respectively       
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VIIA (Myo7A)   (Schlichting et al.  2006 ; Glowinski et al.  2014 ). The  microvilli   are 
key structures in the assembly of the vitelline membrane. Emanating from the fol-
licle cells and the oocyte they segregate  precursor   vitelline bodies. These proteins 
aggregate, fuse together when the  microvilli   are retracted suggesting that  microvilli   
play an active role in vitelline membrane construction. In follicle cells lacking 
 Cad99C   the function of the  precursor   vitelline bodies are malformed, and the vitel-
line membrane is aberrant. The mature vitelline membrane has been postulated to 
serve as a substrate for chorion assembly (Pascucci et al.  1996 ).   

9.2.3     Inner Eggshell Barriers to Water Permeability and Gas 
Exchange 

 The three layers closest to the oocyte, the VM,     wax   layer and the ICL are believed 
to serve as  waterproofi   ng barriers and provide resistance to ambient air infl ux. At 
the same time, they function also by regulating rates of air infl ux and carbon dioxide 
effl ux (Margaritis et al.  1983 ,  1991 ; Woods et al.  2005 ). 

9.2.3.1     Vitelline Membrane (VM) 

 VM is a homogenous cross-linked robust and fl exible layer that varies in thickness 
among insect species and at different parts of a specifi c egg. This fi rst eggshell layer 
in  D. melanogaster  is synthesized by the follicle cells but eventually, it was shown 
that also the germline contributes components to the VM biogenesis (Ventura et al. 
 2010 ). Still, the intricate biochemical and biophysical events taking place in the 
biogenesis of VM are ill-understood. The discontinuous layer  of   vitelline bodies is 
separated by scaffolding  microvilli   extended from both the oocyte and the follicular 
cells (D’Alterio et al.  2005 ; Schlichting et al.  2006 ). Eventually, the  microvilli   
degenerate or retract thus creating a uniformly continuous layer that thins in later 
stages of  oogenesis  . In  D. melanogaster  for example, the identifi ed four major VM 
proteins, undergo modifi cations that involve specifi c proteolytic processes and 
intermolecular  disulfi de bridges   during  oogenesis   (Sect.  9.2.6.1 ). Later, at post- 
ovulation, the layer undergoes protein stabilization by di- and tri-tyrosine  crosslink-
ing      (Sect.  9.2.8 ) (Trougakos and Margaritis  1998a ; Heifetz et al.  2001 ) 

 The  D. melanogaster  and  A. aegypti  VMs serve as a reservoir for pro-proteins 
which later, by post-translational modifi cation are processed to smaller components 
that move into other chorionic layers (Pascucci et al.  1996 ; Mauzy-Melitz and 
Waring  2003 ; Marinotti et al.  2014 ).  The   waterproof role of the VM may be indi-
cated by presence of  n -alkanes and methyl-branched alkanes at the surface of 
dechorionated eggs of several dipteran species (Nelson and Leopold  2003 ). 
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 Aside from the role of an eggshell barrier, the VM participates  inter alia  as a 
spatial determinant signal for both dorso-ventral and terminal pattern formation 
pathways of the enclosed embryo (Zhang et al.  2009 ; Stein and Stevens  2014 ).  

9.2.3.2     Wax Layer 

  The    wax   layer, which is formed by secretion of  lipid   vesicles by the follicle cells 
that accumulate on the VM surface, is sandwiched between the VM and the 
ICL. This hydrophobic layer in  D. melanogaster , which is initially created by 3–4 
overlapping plaques, are later compressed and thinned between the VM that 
increases in volume due to water  uptake   and by the rigid non-expandable ICL 
(Papassideri and Margaritis  1986 ; Papassideri et al.  1991 ;  1993 ). The eggshell  wax   
is apparently similar to cuticular  wax  , but there are no recent studies identifying its 
chemical composition. However, genes related with  lipid   metabolism were recently 
identifi ed in follicle cells during eggshell  formation   (Tootle et al.  2011 ). The hydro-
carbons extracted from dechorionated eggs of fl ies (Nelson and Leopold  2003 ) 
might be components of both VM  and    wax    layers. As the    wax   layer is structurally 
conserved in drosophilids, it most likely implies its  important   waterproof function 
in this taxonomic group (Papassideri et al.  1991 ). It should be mentioned that some 
insect species like the cat fl ea,   Ctenocephalides felis    (Marchiondo et al.  1999 ) or the 
tarnished plant bug   Lygus lineloaris    (Ma et al.  2002 ) lack  a    wax   layer.  

9.2.3.3     Innermost Chorion Layer (ICL) 

 ICL (fi rst reported by Margaritis et al.  1979  and Hamodrakas et al.  1982 ) which is a 
bridge between the VM  plus    wax   layers and the adjacent endochorionic layer 
(sometimes called fl oor) is composed of proteinaceous components synthesized by 
the follicle cells prior to the other chorionic proteins. Initially, the electron-dense 
ICL is closely attached to the apposed endochorion. But later, at the end of  chorio-
genesis  , detachment occurs as the ICL gradually assumes a unique multilayered 
structure characterized as a three-dimensional crystal confi guration (Fig.  9.2b ) 
(Papassideri and Margaritis  1996 ). Thus, the fi nal step of protein self-assembly that 
forms the crystal lattices takes place between two existing eggshell layers (Akey 
et al.  1987 ). The ICL is composed of up to four discrete sublayers in several droso-
philids with a basic structural unit of crystals that consist of octamers made up of 
four heterodimers. Parallel to crystallization, stabilization of ICL crystallized struc-
ture by intermolecular  crosslinking      occurs via  disulfi de bridges   and di- and tri- 
tyrosine  bonds   (Sect.  9.2.8 ). Eggshell  peroxidase   was cytochemically identifi ed as 
a structural component in ICL of   Drosophila virilis    (Trougakos and Margaritis 
 1998a ). 

 In addition of functioning as a barrier to water permeability, the ICL facilitates 
hatching of larvae that get free by shedding the inner eggshell layers.   

9 Composite Eggshell Matrices: Chorionic Layers and Sub-chorionic Cuticular…



332

9.2.4     Outer Chorionic Barriers 

9.2.4.1     Endochorion 

 The endochorion (Figs.  9.1  and  9.2b ) is largely a tripartite structure that consists of 
a thin  inner part (fl oor)  , an intermediate region of vertical  pillars   and pillar cavities, 
and a solid  outer part (roof)  . The cavities facilitate  gas exchange   and the roof dis-
plays ridges that are the borders of the follicular cell imprints (Waring  2000 ). The 
temporal formation of the endochorion involves major early proteins that are 
detected in all endochorion sublayers. They create the fi nal morphology of the 
endochorion and provide the scaffold for middle and late proteins that diffuse and 
intercalate to associate extracellularly with the existing early proteins and shape the 
fi nal functional endochorionic confi guration of  D.    virilis    (Trougakos and Margaritis 
 1998b ). Migration and intercalating processes were demonstrated with  VM32E   pro-
tein, which is initially uniformly distributed in  D. melanogaster  VM, and is partially 
released and traffi cked into the endochorionic layer (Andrenacci et al.  2001 ). It was 
suggested that a derivative of a proprotein ( fc177  ) cleaved within the VM in  D. 
melanogaster  prevents the coalescence of the endochorionic tripartite substructures 
(Mauzy-Melitz and Waring  2003 ). 

 Three major endochorionic proteins undergo disulfi de bond  crosslinking   prior to 
 oviposition   in  A. aegypti . Further  crosslinking   after  oviposition   occurs  via   di- and 
tri-tyrosine  bonds   mediated by chorion  peroxidase   activity that involves  hydrogen 
peroxide   in addition to quinone  crosslinking      reaction mediated by  phenoloxidase   
(Sect.  9.2.8 ) (Li and Li  2006 ).  Peroxidase  , which was immunolocalized in ICL and 
endochorion of  D. melanogaster  and  D.    virilis   , is a chorionic component with enzy-
matic activity (Keramaris et al.  1991 ; Trougakos and Margaritis  1998a ; Konstandi 
et al.  2005 ).  

9.2.4.2     Exochorion 

 The last secreted layer is the  exochorion   featuring a sculptured outer surface of the 
eggshell. It is composed of two lamellar layers in mosquitos (Monnerat et al.  1999 ) 
and fl ies (Mouzaki and Margaritis  1991a ,  b ; Zarani and Margaritis  1994 ). The archi-
tectural patterns of egg chorions that include its specialized regions, depend on 
imprints of the follicular cells. The sculptured patterns portray reticulated polygonal 
network design, ridges, protruding tubercles, domes or threads of various shapes 
and sizes. However, eggs of several stored products coleopterans (Gautam et al. 
 2015 ) lack distinct chorionic patterns and are devoid of regional complexities like 
 micropyles   and  aeropyles  . As the sculptured morphological patterns are species- 
specifi c they have served for ootaxonomical purpose and may indicate evolutionary 
adaptation related to  oviposition   sites (Fausto et al.  1992 ; Mazzini et al.  1992 ; 
Guglielmino et al.  1997 ; Kumar et al.  2007 ). 
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 In mosquitoes  exochorion   sculpture may vary within a single species at different 
seasons or according to abiotic infl uences (Clements  1992 ). Moreover, some spe-
cies possess an exquisite sculpturing, such as the  exochorion   of   Anopheles shan-
noni   , striking in its singularity and complexity, when compared to the  exochorion   of 
others mosquitoes (Lounibos et al.  1997 ; Clements  1992 ).  Exochorion   formation is 
governed by the genetic processes that occur within the follicle cells, such as the 
dorsal-ventral patterning system (Chasan and Anderson  1993 ). In this regard, it 
would be interesting to analyze the genetic process that induces the  exochorion  ic 
sculpturing differences observed within and between species.   

9.2.5      Regional Chorionic Complexities 

 The eggshell chorion is comprised of stripes or fl at regions as well as specialized 
areas like  micropyles   and micropylar apparatus that  facilitates   penetration of 
sperms;  aeropyles   and respiratory appendages that mediate  gas exchange   and  oper-
culum   that enables  larval hatching  . Distinct subpopulations of cells of the follicular 
epithelium are responsible for the temporal and spatial creation of these particular 
regional areas (Waring  2000 ). 

9.2.5.1     Micropyles and Micropylar Apparatuses 

 The  micropyle   is an aperture surrounded by a distinct architectural area that facili-
tates access of sperms into the oocyte via the  micropylar canal   that terminate at the 
VM (as described in the cherry fl y   Rhagoletis cerasi    by Zarani and Margaritis 
 1991 ). The  micropyle   appears as a protrusion or a depression in eggshells of  Diptera   
and  Lepidoptera  , respectively. In lepidopteran species the micropylar pore is sur-
rounded by a rosette of follicle cell imprints (Kumar and Kamble  2008 ) (Fig.  9.3a ). 
The  micropylar canal  , which passes through the eggshell, is formed of microvillar 
extensions of the follicular cells that eventually degenerate (Mouzaki et al.  1991 ). 
Morphological patterns of such areas depend on the imprints of the previously over-
lying follicle cells (Kumar and Kamble  2008 ; Kumar et al.  2007 ). The  micropyle   is 
located at the anterior pole in dipteran, lepidopteran and neuropterid species 
(Mouzaki and Margaritis  1991a ; Andrew and Tembhare  1992 ; Kubrakiewicz et al. 
 2005 ), or in the mid-ventral region in the two-spotted cricket   Gryllus bimaculatus    
(Sarashina et al.  2005 ), whereas the location of the micropylar appendage in the 
almond seed wasp   Eurytoma amygdali    or in the beetle   Adalia bipunctata    is at the 
posterior end (Zarani and Margaritis  1994 ). It should be noted that although  micro-
pyle  s are functionally entities, many stored products insects (Kučerová and Stejskal 
 2008 ; Osawa and Yoshinaga  2009 ) as well as certain scale insect eggs (Vogelgesang 
and Szklarzewicz  2001 ) lack such structures. In such cases there is still an intriguing 
question  regarding   penetrations of sperms to fertilize the ovum. Perceptively, viable 
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eggs like in the subsocial burrower bug,   Adomerus triguttulus   , or the stingless bee 
  Tetragonisca angustula    have  micropyle  s, whereas their trophic eggs are by and 
large devoid of such structures (Kudo et al.  2006 ).  

9.2.5.2     Aeropyles and Appendages – Respiratory Mechanism 

  Aeropyles   are microscopic apertures (Fig.  9.3c ) that either scatter all over the entire 
chorionic surface or are confi ned to specifi c areas on the egg. They can be posi-
tioned on protrusions (or  crown  s, Fig.  9.3d ) over entire egg surfaces or arranged in 
distinct bands or rings (Hatzopoulos and Regier  1987 ; Regier et al.  2005 ).  Aeropyles   
are connected via chorion traversing canals to the interior of the egg either directly 
or to gas-fi lled meshwork in the inner chorionic layers. Such a meshwork or the 
 trabecular layer   was described in  C.    felis    (Marchiondo et al.  1999 ). Functionally, 
they facilitate air passage and  gas exchange   for respiration of the metabolically 
active embryos. The number and surface arrangement of  aeropyles   varies across 
insect species. Moreover, they can undergo change in size as was reported for 
maturing eggs of the Ailanthus silkmoth   Samia ricini    (Renthlei et al.  2010 ). 
 Aeropyles   in lepidopteran species, for example, range in number from a few up to 
400 per egg. (Kumar and Kamble  2008 ).  Aeropyles   were not detected in eggs of the 
scale insect   Orthezia urticae    (Vogelgesang and Szklarzewicz  2001 ), in many aquatic 
insects or in eggs of certain stored products coleopterans like the stored grain borer 
  Rhyzopertha dominica    or the red fl our beetle   Tribolium castaneum   , where it was 
suggested that their relatively permeable chorions facilitate  gas exchange   (Kučerová 
and Stejskal  2008 ; Gautam et al.  2015 ). Diversity of eggshell chorionic structures 
and characteristics could explain differential tolerance of stored products insects to 
fumigants (Gautam et al.  2015 ). 

 Some eggs of insect species living in aquatic environments develop a structural 
modifi cation described as a  plastron   network that traps air fi lm and serve as physical 
gills that establish an extensive air-water interface when submerged under water 
(Hinton  1968 ; Goforth and Smith  2011 ). A wide and extended  plastron   was 

  Fig. 9.3    Regional structures of insect eggshell. ( a ) A  micropyle   surrounded by a rosette pattern of 
polygonal imprints of follicle cells (  Manduca sexta   ). ( b ) Dorsal respiratory appendages ( Drosophila 
melanogaster ). ( c ) Aeropylar apertures ( Abedus herberti ). ( d ) Aeropylar  crown   (  Antheraea poly-
phemus   ). Schemes are not in scale       
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described in eggshells of non-aquatic insect species, like in the blowfl ies   Chrysomya 
nigripes    and   Lucilia cuprina    (Sukontason et al.  2004 ,  2007 ). Although  plastron  -like 
confi guration was described, their function has not been unequivocally demon-
strated. A different structure is the water-impermeable hydrophobic respiratory 
horns (Fig.  9.3b ) at the anterior end of  D. melanogaster  eggs that obtains oxygen 
from ambient water. The three-dimensional morphogenesis of  D. melanogaster  
respiratory projecting tubes was described by Osterfi eld et al ( 2013 ). It is notewor-
thy, that compared to  D. melanogaster , the respiratory appendages of the Hawaiian 
  Drosophila grimshawi    are four, much longer with a wider surface area that func-
tions as  plastron   for underwater respiration (Margaritis et al.  1983 ).

9.2.5.3        Operculum 

 In many species the  operculum   is a sculptured chorionic region at the anterior pole 
of the egg that is encircled by  hatching lines   built into the eggshell to ease  larval 
hatching  . Areas of the  operculum   may harbor  aeropyles   (Burkhart et al.  1999 ) and 
 micropyle  s (Zawadzka et al.  1997 ; Ma et al.  2002 ). It was shown that follicular 
subpopulation of anteriorly migrating cells in  D. melanogaster  form the  operculum   
(Kleve et al.  2006 ) and the hatching  line   called collar (Margaritis  1985a ). However, 
hatching  line  s were not observed in lepidopterans like  S.    ricini    as the larva chews its 
way out of the chorionic egg layers (Renthlei et al.  2010 ).   

9.2.6      Genes and Proteins Required for Eggshell Formation 

 Compared to other  protective   extracellular matrices such as the cuticle (Chap.   3    ), 
the molecular and cellular processes of eggshell protein synthesis and assembly are 
well studied, including regulation by hormones, gene  amplifi cation   and  cis  and 
 trans -regulatory elements (Turner and Mahowald  1976 ; Margaritis et al.  1980 ; 
Regier and Kafatos  1985 ; Swevers et al.  2005 ; Papantonis et al.  2015 ; Chen et al. 
 2015a ). We therefore rather aim at drawing a general scheme of vitelline membrane 
and chorion formation rather than a detailed survey of the literature. An arsenal of 
eggshell genes and proteins have been isolated or described in recent years using 
modern large-scale proteomic and genomic techniques (e.g. Chen et al.  2015a ). 
These fi ndings complement earlier reports on eggshell genes and proteins. 

 Description of eggshell proteins,  genes   and the regulation of their expression are 
well known largely for  D. melanogaster  and  B. mori  and, to some extent, mosquito 
vectors of parasites. All of these insects are holometabolous species with  polytro-
phic meroistic ovaries     . Recently, the genetic process of eggshell production has 
been studied in  B. germanica , a hemimetabolan insect with  panoistic ovaries      
(Chapman  1998 ; Irles et al.  2009a ). Further comparison among these species will 
shed light on relevant information related to the evolution of the maternal matrices 
that surround developing insect  embryos  . 
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9.2.6.1       Drosophila melanogaster  

 In the fruit fl y the central proteins of the VM are  sV17  ,  sV23  ,  VM32E   and  VM34C  . 
 Many   vitelline membrane proteins (VMPs) are rich in proline and alanine and con-
tain a highly conserved hydrophobic domain of 38 residues, the so-called VM 
domain (Scherer et al.  1988 ; Wu et al.  2010 ). A similar domain with conserved 
amino acids is present in the mosquito  A. aegypti  VMPs (Sect.  9.2.6.3 ). Another 
conserved motif of 10 amino acids is present in  D. melanogaster   VM32E   and 
 VM34C  . VM proteins are embedded in protein networks by different types of  cross-
linking   including disulfi de bounds and inter-peptide di-tyrosines. In  D. melanogas-
ter  along with  A. aegypti , many VM proteins have three precisely spaced cysteines, 
suggesting disulfi de  bridge   formation (Wu et al.  2010 ).  VM32E   contains seven tyro-
sine residues that may form di-tyrosine  crosslinking      structures catalyzed by extra-
cellular  peroxidase  s and, apart from being an integral constituent of the VM, are 
important for the formation of other eggshell layers (Andrenacci et al.  2001 ). 

 A mutant allele of  sV23   in  D. melanogaster  was analyzed in detail (Savant and 
Waring  1989 ; Wu et al.  2010 ). The exchange of an evolutionary conserved cysteine 
in the VM domain to serine leads to a collapse of the eggshell and unfertilized eggs. 
Besides this motif, the hydrophobic N-terminal prodomain of  sV23   is also essential 
for eggshell construction and it is proposed to be crucial for the alignment of matrix 
proteins during vitelline membrane maturation (Manogaran and Waring  2004 ). 

 Three other VMPs,  Closca   (Clos),  Nasrat (fs(1)N)   and  Polehole (fs(1)ph)  , which 
may be grouped as a separate class of integral VMPs were reported to be essential 
for VM formation (Ventura et al.  2010 ). Fs(1)N and Fs(1)ph have been shown to be 
needed for non-disulfi de  crosslinking   of the vitelline protein  sVM23   (Cernilogar 
et al.  2001 ; Jiménez et al.  2002 ). Another integral component of the VM is Torsolike 
that is needed for terminal pattern formation in  D. melanogaster  (Stevens et al. 
 2003 ). The VM of eggs derived from homozygous mutant for either of these genes 
is fragile and brittle. Taken together, these data underline that some components of 
the VM besides being incorporated in the inert barrier, also serve as a signaling fac-
tors regulating early embryo development. 

 The function of the VM constituent  Palisade   was also studied in detail (Elalayli 
et al.  2008 ).  Palisade   was initially found in the mass spectrometry screen for egg-
shell matrix proteins reported by Fakhouri et al. ( 2006 ) (see below). Down regula-
tion of  Palisade   function by  RNA interference (RNAi)   causes mislocalisation of 
VMPs such as  sV17   and its  crosslinking  . Ultimately, this results in morphological 
defects of the palisade- like   vitelline bodies. 

 While some genes required for VM production are transcribed during the early 
period of its formation (e.g.,   VM26.A.1   ,   VM34C    and   VM26A.2   ) other genes such as 
  VM32E    are expressed later, at the end of this period (Swevers et al.  2005 ). 

 The chorion harbors a class of proteins with the chorion-3 superfamily domain 
including  s36   and  s38   (Pascucci et al.  1996 ). Initially,  s36   is localized in the VM, 
but during chorion formation,  s36   relocates to the chorion. Interestingly,  s36   and 
related proteins are found only in a sub-group of dipterans excluding mosquitoes. 
This suggests rapid evolution of chorion composition and assembly in insects. 
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 Regarding gene expression, while   s36   ,   s38    and   femcoat    are expressed when the 
inner chorionic layer and endochorion are being produced, the genes   s15   ,   s16   ,   s18   , 
  s19    are expressed later, when the  exochorion   is secreted (Parks and Spradling  1987 ; 
Kim et al  2002 ). Some of those genes are clustered on chromosomes X and 3 and 
high levels of their expression are ensured by a process of gene  amplifi cation 
  through local DNA replication (Swevers et al.  2005 ; Cavaliere et al.  2008 ). 

 One of the fi rst genetically identifi ed factors needed for chorion assembly involve 
the  defective chorion-1 ( Dec-1 )   (Hawley and Waring  1988 ; Waring et al.  1990 ). 
Mutations in  dec-   1    gene in the fruit fl y cause female sterility. The  Dec-   1    locus codes 
for three alternatively spliced proproteins,  c106  ,  fc125  , and  fc177  , that are pro-
cessed in the extracellular space giving rise to fi ve distinct proteins (Noguerón and 
Waring  1995 ; Noguerón et al.  2000 ). These proteins display a complex localization 
behavior. Some localize to the VM before they gradually penetrate into the chorion. 
Some others end up in the endochorionic spaces or enter the oocyte. The isoform 
 fc177   was shown to affect the correct spatial localization of endochorionic proteins 
during assembly thereby controlling eggshell morphology. The domain structure of 
 fc177   suggests that it is involved in formation of cavities in the tripartite endocho-
rion (Mauzy-Melitz and Waring  2003 ). The function of Dec- 1   is conserved within 
the  Drosophila  genus (Badciong et al.  2001 ). It is noteworthy that Dec- 1   proteins 
were identifi ed in mollusks of the genus   Aplysia    indicating that they are conserved 
among invertebrates (Cummins and Nagle  2005 ). 

 Eggs silenced for   femcoat    through dsRNA present a malformed endochorion 
where the  pillars   are absent or are sparse (Kim et al.  2002 ). There are other known 
genes coding for minor proteins required for eggshell  formation   (Swevers et al. 
 2005 ; Papantonis et al.  2015 ), as new putative genes associated with  choriogenesis   
were recently described. 

 Further information regarding  D. melanogaster  eggshell proteins and genes was 
obtained through proteomic and transcriptome analysis. By mass spectrometry, 
Fakhouri et al. ( 2006 ) isolated 46 proteins in eggshell matrix preparations. Together 
with previously known eggshell factors and proteins (e.g., Dec- 1  ,  s36  ,  s38  ,  VM32E 
  and  VM34C  ) some new and unknown proteins were found. Moreover, microarray 
experiments with follicle cells during eggshell production identifi ed 150 genes 
expressed specifi cally in this tissue (Tootle et al.  2011 ). Thirty of these genes code 
for known eggshell proteins such as Dec- 1  ,  s36   and  VM34C  , while another 19 are 
putative chorion genes. The remaining 100 genes were proposed to be involved in 
eggshell maturation. To evaluate the signifi cance of these genes, their expression 
profi les were determined in wild-type and   peroxinectin-like  ( pxt )   mutant fl ies. In  pxt  
 ovaries  , most of these genes were expressed prematurely. The authors conclude that 
Pxt, a cyclooxygenase, synchronizes egg maturation and eggshell production. These 
data, thus, indicate that the eggshell communicates with follicle cells thereby con-
trolling its own production. The data obtained with the proteome and transcriptome 
analyses partially overlap, underlining the robustness of these approaches.  

9 Composite Eggshell Matrices: Chorionic Layers and Sub-chorionic Cuticular…



338

9.2.6.2      Bombyx mori  

 In  B. mori , only two genes coding for VM proteins are described. The genes 
  BmVMP30    and   BmVMP90    are expressed at late  vitellogenesis   and early  choriogen-
esis   stages (when the VM is being produced) and their silencing by antisense oli-
goDNA affects the integrity of the follicular epithelium. Both proteins are localized 
specifi cally in the VM.  BmVMP90   shares only minor similarity to the  D. melano-
gaster  VM proteins  sV17   and  sV23   (Kendirgi et al.  2002 ; Sdralia et al.  2012 ). A 
third gene was putatively associated with VM formation:   BmEP80    is expressed in 
follicle cells at late  vitellogenesis   and early  choriogenesis   stages.  RNAi   for this 
gene resulted in eggs that collapsed during early  embryogenesis   and the hatching 
rate was affected when the eggs were kept at low relative humidity conditions (Xu 
et al.  2011 ). The proteins  BmEP80   and  BmVMP90   share 97.4 % identity and they 
might be the same gene with strain polymorphisms (Sdralia et al.  2012 ). Another 
hypothesis is that these genes duplicated recently; the fact that both genes have a 
slightly different period of expression (Xu et al.  2011 ; Sdralia et al.  2012 ) favors this 
hypothesis. 

 The genes that are known to be involved in  choriogenesis   are classically located 
in two clusters in chromosome 2: Ch1-Ch2 and Ch3. These genes belong to the 
same superfamily of chorion genes that is subdivided in two branches, coding for 
A-type or B-type proteins (also named α and β branches). The A-type branch is 
composed of the gene families   ErA   ,  A  and   HcA   , and the B-type branch is composed 
of the gene families   ErB   ,  B  and   HcB   . It is believed that all six gene families origi-
nated from a single common ancestor since their proteins have a conserved central 
domain. Many of these chorion genes occur in pairs within the chromosome: each 
  ErA    gene is paired with an   ErB    gene (  ErA   /  ErB   ) and the same pattern occurs for  A / B  
and   HcA   /  HcB    genes. Genes of a couplet are located in opposite strands with a com-
mon bidirectional promoter region of approximately 300 base pairs. The two genes 
in each pair are transcribed coordinately. Moreover,   ErA   /  ErB    genes are expressed 
during early  choriogenesis   while  A/B  and   HcA    /   HcB    genes are expressed during 
middle and late  choriogenesis  , respectively (Regier and Kafatos  1985 ; Lecanidou 
et al.  1986 ; Spoerel et al.  1989 ; Goldsmith  1989 ; Swevers et al.  2005 ; Papantonis 
et al.  2015 ; Chen et al.  2015a ). 

 In a recent publication, the chorion locus of chromosome 2 was re-analyzed and 
127 chorion genes were annotated (Chen et al.  2015b ). These genes code for low- 
molecular weight proteins that are expressed during early (36 genes), mid (46 
genes) and late (45 genes) stages of  choriogenesis  . They are arranged in clusters 
probably sharing distinct regulatory sequences. The late chorion proteins, which are 
particularly rich in cysteines (such as   HcA    /   HcB   ), are needed for maturation of the 
chorion by  crosslinking  . Like in  D. melanogaster  (see above), the genes of this 
locus are expressed sequentially, and after expression of VM genes such as 
 BmVM30  .  
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9.2.6.3       Mosquitoes 

 In  A. aegypti  the following genes coding  for   vitelline membrane proteins were 
described: VMP  15-a1  ,  15a2  ,  15a3  ,  AAEL006670  ,  AAEL017471   and 
 AAEL0017501  , all of which contain the conserved hydrophobic domain common 
to members of the VMP family. While  AAEL017471   is expressed with 48 h after 
blood meal (period related with  exochorion   formation) all the other genes are tran-
scribed earlier, within 24–36 h after the blood meal, when the VM and endochorion 
are secreted (Clements  1992 ; Edwards et al.  1998 ; Marinotti et al.  2014 ). Since 
 AAEL017471   is the only gene with late expression, it was postulated to have a simi-
lar function to  VM32  in  D. melanogaster . In addition, putative cysteine rich chorion 
proteins (CRPs) that share distinct sequence signatures, odorant and chitin binding 
proteins ( OBP  s,  CBPs  ) were isolated.  CBPs   suggest that chitin may play a role in 
the construction of the eggshell matrix (Sect.  9.2.9 );  OBP  s are proposed to function 
as transporters of  crosslinking   substrates. Several enzymes previously suspected or 
characterized as eggshell factors including  peroxidase  s,  phenoloxidases  ,  laccase  s, 
 dopachrome conversion enzymes  , and  transglutaminases   were also detected 
(Marinotti et al.  2014 ). In the African malaria mosquito  Anopheles gambiae , only 
two putative vitelline membrane genes are transcribed,  AGAP002134-RA   and 
 AGAP008696-RA  , at 24 h after blood meal (Amenya et al.  2010 ).  

9.2.6.4      Blattella germanica  

 In  B. germanica  a suppression subtractive hybridization cDNA library found 34 
sequences, with 15 homologs of known genes in other insects and 19 sequences 
without homology. Some of these 15 genes are putatively related with chorion for-
mation, such as   yellow-g   , associated with VM  crosslinking   (Irles et al.  2009a ). Two 
of the novel predicted genes,   Brownie    and   Citrus   , were further studied and found to 
be specifi cally transcribed between middle and late  choriogenesis   (Irles et al.  2009b ; 
Irles and Piulachs  2011 ).   Brownie    is expressed in the whole follicular epithelium 
with a more concentrated expression in follicle cells located at the anterior pole. 
 RNAi   for this gene impairs the formation of the sponge-like body of the eggshell 
and the keel of the  ootheca  , structures with aeropyle and micropyle-associated func-
tions.   Brownie    is also necessary for  ootheca    tanning  : while control  ootheca  e darken 
in 5–6 h, those silenced for  Brownie   takes 6–7 days to darken (Irles et al.  2009b ). 
The  Citrus   protein is composed of a motif repeated 33 times that is rich in glycine, 
tyrosine, proline and glutamic acid residues but lacks cysteines. Females silenced 
for   Citrus    did not produce  ootheca  , the eggs are fragile, and while the eggshell has 
all layers both the endochorion and  exochorion   structures are compromised: endo-
chorion  pillars   are taller while the external layers (outer endochorion with  exocho-
rion  ) are thinner when compared to normal eggs. A relation of   Citrus    with egg 
impermeability is also suggested (Irles and Piulachs  2011 ). Interestingly there are 
no sequences similar to  Citrus   deposited in public databases, suggesting that it 
might be confi ned to insect species with  panoistic ovaries     .   
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9.2.7      Regulation of Eggshell Gene Expression 

 Formation of the eggshell requires coordinated gene expression since the whole 
process takes place in a relatively short period and, as cited above, distinct genes are 
necessary for different eggshell layers. While the VM is produced at the end of the 
 vitellogenesis   stage, the other eggshell components are subsequently produced at 
the  choriogenesis   stage. This  vitellogenesis   to  choriogenesis   transition is regulated 
by changes in levels of  ecdysteroids   (Swevers et al.  2005 ; Papantonis et al.  2015 ). 
The formation of the VM is dependent upon  20-hydroxyecdysone   signaling, as was 
demonstrated in  in vitro  assays with  B. germanica  and  A. aegypti  (Raikhel and Lea 
 1991 ; Belles et al.  1993 ). However, in the tobacco budworm,   Heliothis virescens   ,  in 
vitro  assays showed that only  juvenile hormone   is needed to trigger the formation of 
the VM and other eggshell layers (Ramaswamy et al.  1990 ). 

 In  B. mori , some  cis -regulatory elements and transcription factors involved with 
chorion genes expression are known (Papantonis et al.  2015 ; Chen et al.  2015a ). 
They regulate the temporal expression of chorion genes by repressing or activating 
the expression according to the  choriogenesis   stage. In the silkmoth, CCAAT/
enhancer binding proteins ( C/EBPs  ), which belong to b-ZIP (basic leucine zipper) 
 transcription factor   superfamily, regulates early and middle chorion gene expression 
while transcription factors of the  GATAβ   family are responsible for late chorion 
gene expression. Both C/ EBP  s and GATA transcription factors also regulates  D. 
melanogaster  chorion gene expression. (Sourmeli et al.  2005 ; Swevers et al.  2005 ; 
Papantonis et al.  2008 ,  2015 ). Despite such accumulated knowledge related to the 
regulation of chorion gene expression at the level of gene pair, however, our under-
standing of the global regulation of the chorion locus at the level of the chromosome 
remains elementary. 

 In  B. germanica , chorion formation is related with epigenetic regulation. The 
trimethylation of histone 3 lysine 9 (H3K9me3) is mediated by the product of the 
gene   Windei   .  RNAi   for   Windei   , which appears to reduce H3K9me3 in the DNA of 
follicular cells, inhibits   Brownie   ,   Citrus    and   Yellow-g    expression and prevents egg-
shell  formation   (Herraiz et al.  2014 ).  

9.2.8        Stabilization, Sclerotization and Melanization 
of Eggshell Layers 

 Eggshell proteins are integrated into networks requiring enzymes that assist cova-
lent protein association (i.e,  crosslinking  ). These proteinaceous components are 
essentially stabilized by three  crosslinking   intermolecular phenomena:  disulfi de 
bridges  ,    di- and tri-tyrosine  covalent bonds  , and quinone-based  sclerotization     . In 
eggs of certain insects like  A. aegypti , tyrosine-based  melanization   occurs, a process 
that is partially similar to the  sclerotization   pathway (Chap.   6    ). While in some spe-
cies such as  D. melanogaster  and the kissing bug   Rhodnius prolixus    these 
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 crosslinking   occurs before  oviposition   when eggs are still in the  ovary  , in other spe-
cies such as mosquitoes this process occurs within 2 h after the eggs are laid, con-
comitantly with chorion  melanization   (Christophers  1960 ; Mindrinos et al.  1980 ; 
Margaritis  1985a ). In addition to these covalent proteins associations, some egg-
shell proteins such as Dec- 1   and the VM proteins are modifi ed post-translationally 
and these modifi cations are necessary for eggshell stabilization. 

9.2.8.1     Crosslinking via Disulfi de Bonds 

  Crosslinking   via disulfi de bonds is common in stabilizing chorionic proteins that 
are relatively rich in cysteine residues (Kafatos et al.  1977 ). Stabilization of chori-
onic proteins in odonates, lepidopterans and coleopterans occurs mainly by disul-
fi de bonds (Margaritis  1985a ; Regier and Wong  1988 ). The reversible disulfi de 
bonding by reductive enzymatic activity, which involves the evolutionary conserved 
cysteines in  D. melanogaster  VM proteins, suggests its role in retaining fl exibility 
to ease mechanical pressures during  oviposition   (Wu et al.  2010 ).  

9.2.8.2     Hardening via Di- and Tri-Tyrosine Crosslinking 

 A major class of enzymes related  with   eggshell stabilization are  peroxidase  s. These 
enzymes catalyze oxidation of tyrosine residues that form di- and tri tyrosine bridges 
between extracellular chorion proteins leading to eggshell hardening.  Hydrogen 
peroxide   (H 2 O 2 ) is essential to trigger and carry out such  crosslinking   via interaction 
of tyrosine radicals formed by one electron oxidation of neighboring tyrosine resi-
dues on proteins (Chapman  2013 ). 

  Peroxidase   activity was detected  in    D. melanogaster  chorions (Mindrinos et al. 
 1980 ; Keramaris et al.  1991 ). The  peroxidase   Pxt is localized specifi cally in the ICL 
and the fl oor of the endochorion (Margaritis  1985b ; Konstandi et al.  2005 ).  Hydrogen 
peroxide   is produced and secreted by follicular cells at the fi nal stage of  oogenesis   
and Pxt enzymatic activity is proposed to be important for di- and tri-tyrosine for-
mation that occurs during chorion hardening (Margaritis  1985b ; Margaritis and 
Keramaris  1991 ). 

 Di and tri-tyrosine were detected  in   chorion hydrolysates of  A. aegypti , and  per-
oxidase  , which was released from chorion layers, was analyzed using tyrosine and 
 hydrogen peroxide   (Li et al.  1996 ).  A. aegypti  chorion  peroxidase   was isolated, 
purifi ed and characterized as a  heme protein   (Han et al.  2000a ;  2000b ), and its par-
tial peptide sequence was determined (Li et al.  2004 ).  Crosslinking   mediated by 
chorionic  peroxidase   in the mosquito occurs after  oviposition   (Li and Li  2006 ). 
Recently, three chorion  peroxidase  s were identifi ed in this mosquito (Marinotti 
et al.  2014 ). 

 In  R.    prolixus   , the   Dual oxidase  ( Duox )    gene   encodes a membrane-bound 
enzyme present in the follicle cells that contains both  peroxidase   and NADPH oxi-
dase domains. Duox is responsible for generating  hydrogen peroxide   (H 2 O 2 ) that 
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enables  eggshell   hardening through protein  crosslinking   by di-tyrosines.  RpDuox - 
silenced eggs did not produce H 2 O 2  resulting in a decrease of eggshell hardening 
that lead to egg dehydration in low relative humidity conditions (Dias et al.  2013 ). 

 In  the   olive fruit fl y   Bactrocera oleae    immunolocalization assays showed the 
presence of a chorion  peroxidase   in the VM and other eggshell  structures   in late 
 choriogenesis   (Konstandi et al.  2006 ).  Peroxidase   activity was also histochemically 
or cytochemically detected in chorions of  D.    virilis    (Trougakos and Margaritis 
 1998a ),  E.    amygdali    (Mouzaki and Margaritis  1994 ) and  An. gambiae  (Amenya 
et al.  2010 ).  

9.2.8.3      Sclerotization 

 Egg chorion  sclerotization   was extensively studied in  A. aegypti  (Li  1994 ). 
Hardening of mature eggs, which takes place immediately after  oviposition  , involves 
a catecholamine cascade pathway (the  sclerotization   process is detailed in Chap.   6    ). 
A fully sclerotized chorion of  A. aegypti  eggs is important to confer physical protec-
tion for the developing embryo (Li et al.  2004 ). Tyrosine is hydroxylated to  dopa   
and dopa is decarboxylated through the action of  dopa decarboxylase   forming  dopa-
mine. Dopamine   can be acetylated by two distinct enzymes forming 
  N -acetyldopamine (NADA)   and   N -β-alanyldopamine (NBAD)  . NADA and  NBAD   
can be further oxidized giving rise to reactive quinones that interact with nucleo-
philic groups to crosslink structural chorionic proteins (Hopkins and Kramer  1992 ). 
The presence of  dopa decarboxylase   required for eggshell  sclerotization   in another 
mosquito species,   Anopheles albitarsis   , was shown by Monnerat et al. ( 1999 ). This 
process of hardening that involves  dopa decarboxylase   is induced by ingestion a 
blood meal (Li  1994 ). Additionally to the above enzymes,  laccase2   as one of  phe-
noloxidase   enzymes is highly expressed in the common house mosquito   Culex pipi-
ens    eggs (Pan et al.  2009 ) and it is induced in the Asian tiger mosquito   Aedes 
albopictus    females after blood ingestion (Wu et al.  2013 ).  Laccase2   is fundamental 
for both chorion  melanization   and  sclerotization   in   Aedes albopictus    (Wu et al. 
 2013 ).  

9.2.8.4       Melanization 

  Melanization   process of  A. aegypti  eggs, which initiates a dramatic change of colors 
from white to almost black within 90 min after  oviposition   (Li and Li  2006 ), is 
mediated by an alternative biochemical route. Both  dopa   and  dopamine   can be oxi-
dized by  phenoloxidase   to  dopaquinone   and  dopaminequinone  , respectively. 
 Dopaquinone   and  dopaminequinone   are cyclized to form  dopachrome   and  dopam-
inechrome   on the long and complex pathway to form polymeric melanin (Li  1994 ). 
In the pathway of catecholamine metabolism,  dopa decarboxylase   is required for 
both  sclerotization   and  melanization   (see Chap.   6     for more details). As described 
above,  dopa  , which is the  phenoloxidase  -catalyzed hydroxylation product of 
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tyrosine, is decarboxylated to  dopamine    by   dopa decarboxylase (Schlaeger and 
Fuchs  1974 ; Ferdig et al.  1996 ; Margaritis  1985a ). Based on genome and transcrip-
tome sequencing, enzymes such as  peroxidase  ,  phenoloxidase  ,  laccase   and  dopach-
rome conversion enzymes   were detected in  An. gambiae  (Amenya et al.  2010 ). 
These same catalytic proteins, which are known to be involved in  sclerotization   and 
 melanization  , were recently identifi ed in eggshell chorion layers of  A. aegypti  
(Marinotti et al.  2014 ).  

9.2.8.5     Post-translational Modifi cation 

 The enzymes  Pipe   and  Nudel   that play an essential role in  D. melanogaster   dorso- 
ventral patterning  , are also important for eggshell assembly (LeMosy and Hashimoto 
 2000 ; Zhang et al.  2009 ).  VM32E   and  Palisade   depend on the sulfotransferase 
activity of  Pipe   (Zhang et al.  2009 ). Proteolytic processing of  sV17   and  sV23   
depends on the protease activity of  Nudel   (LeMosy and Hashimoto  2000 ) that was 
also identifi ed in the proteomics approach by Fakhouri et al. ( 2006 ). The proteases 
processing other proteins such as Dec- 1   await identifi cation.   

9.2.9      Is There Chitin in the Eggshell? 

 Chitin is a major and essential component of invertebrate cuticular or peritrophic 
membrane matrices. In Chaps.   2    ,   3     and   8    , the role of chitin in these structures is 
extensively described. In the crustacean   Daphnia magna    resting eggs, chitin was 
claimed to be detected suggesting that it may be a common component of arthro-
pod eggshells (Kaya et al.  2013 ). A protein similar of  peritrophin  s that binds to 
midgut chitin fi bers was identifi ed during oocyte development in the marine shrimp 
  Penaeus semisulcatus    (Khayat et al.  2001 ). In insects, genes expressing chitin-
binding  proteins   were identifi ed in the follicle cells of  R .   prolixus    (Medeiros et al. 
 2011 ) and  A. aegypti . In this mosquito species, proteins with chitin  binding domains   
or  chitinase   domains were found as constituents of the eggshell (Sect.  9.2.6.3 ) 
(Marinotti et al.  2014 ). These data allow a speculation that chitin is an important 
scaffold material in eggshells like it is in the cuticle. The eggshell of  A. aegypti  was 
reported to contain a chitin-like polysaccharide (Moreira et al.  2007 ). However, the 
authors do not exclude the possibility that the detected chitin is from the serosal 
 cuticle   in  A. aegypti , as this mosquito as well as others have chitin in their serosal 
 cuticle   (Sect.  9.3.5 ) (Rezende et al.  2008 ; Goltsev et al.  2009 ; Farnesi et al.  2015 ). 
Essentially however, a direct and biochemical evidence for eggshell chitin is 
lacking.   
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9.3      Cuticular Egg Envelops of Arthropods 

 As stated on Sect.  9.1 , after being laid, eggs of arthropods must deal with a myriad 
of biotic and abiotic challenges that can be stressful or lethal, such as pathogen 
attack or temperature variations. For those species without  parental care  , their eggs 
must rely on the protection conferred solely by the eggshell  maternal layers  . 
However, during early  embryogenesis   a  cuticular egg envelope   (a composite extra-
cellular matrix named  blastodermal cuticle   or serosal  cuticle  ) is produced in many 
species. Blastodermal or serosal  cuticles   will enhance or, sometimes substitute the 
protection conferred by the maternal eggshell layers. 

 The formation of these extracellular matrices is tightly associated with the early 
stages of arthropod  embryogenesis  . After fertilization the newly formed zygote 
nuclei divides and, depending on the species, such divisions can be followed by 
total (holoblastic), partial (meroblastic) or no cleavage of the cytoplasm (when ener-
gids are formed). In all cases, a uniform cellular  blastoderm   is eventually formed. 
Subsequently the  blastoderm   differentiates giving rise to two anlagen: the extraem-
bryonic and the embryonic regions. The extraembryonic  region   in insects is named 
 serosa   and a second extraembryonic tissue arises from the embryonic margin of this 
group of animals: the  amnion   (Fig.  9.1 ). While  the   blastodermal cuticle is produced 
by either the uniform or the differentiated  blastoderm  , the serosal  cuticle   is solely 
produced by serosal  cells  . Further information related to arthropod  embryogenesis   
and extraembryonic membranes can be found elsewhere (e.g., Jura  1972 ; Anderson 
 1973 ; Gilbert and Raunio  1997 ; Chapman  1998 ; Machida and Ando  1998 ; Panfi lio 
 2008 ). 

 During late  embryogenesis   some species produce embryonic cuticles, (i.e. cuti-
cles secreted by the proper embryo) (Tiegs  1940 ; Dorn  1976 ; Konopová and Zrzavý 
 2005 ). These cuticles are shed prior to the synthesis of the nymphal/larval cuticle, 
which are addressed in Chap.   3    . 

9.3.1     Phylogenetic Relationships Among Arthropods 

 For a proper explanation of arthropod  cuticular egg envelope  s, a brief phylogenetic 
description is necessary. Arthropoda is a monophyletic clade comprised of four liv-
ing groups:  Chelicerata  ,  Myriapoda  ,  Crustacea   and  Hexapoda  . Current views indi-
cate that crustaceans are a sister group of hexapods and both constitute the clade 
 Tetraconata   (=  Pancrustacea  ). Myriapods are the sister group of Tetraconta and both 
are named  Mandibulata   and accordingly, Chelicerates are the sister group of 
 Mandibulata   (Fig.  9.4a ). The hexapods are constituted of the paraphyletic 
 Entognatha  , comprised of  Collembola  ,  Protura   and  Diplura  , and the monophyletic 
 Insecta   (= Ectognatha) (Budd and Telford  2009 ; Regier et al .   2010 ; Giribet and 
Edgecombe  2012 ; Misof et al .   2014 ). Within insects,  Archaeognatha   is the sister 
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group of  Dicondylia   while in  Dicondylia   the wingless  Zygentoma   is the sister group 
of all winged insects ( Pterygota  ) (Misof et al .   2014 ) (Fig.  9.4a, b ).

9.3.2         Blastodermal Cuticle in Non-insect Arthropods 

 In arthropods belonging to the  Chelicerata  ,  Myriapoda  ,  Crustacea   and  Entognatha   
groups, the presence of a blastodermal (also  blastoderm   or blastodermic) cuticle is 
described. While in some species the  blastodermal cuticle   is produced by the uni-
form  blastoderm   (Fig.  9.5a ), in other species this cuticle is produced by the differ-
entiated  blastoderm   (extraembryonic tissue + embryo) (Fig.  9.5b ) (Jura  1972 ; 
Machida  2006 ). There are few descriptions of  blastodermal cuticle  s in chelicerates, 
myriapods and crustaceans. Identifi cation of this structure in some cases (especially 
in crustaceans) is diffi cult due to lack of nomenclature standardization (Anderson 
 1973 ; Machida et al .   2002 ).

   In chelicerates a  blastodermal cuticle   was described in a  Xiphosura   horse-shoe 
crab (Sekiguchi  1960  quoted in Anderson  1973 ). In myriapods from the classes 
 diplopods  ,  symphyla   and  pauropods   the  blastodermal cuticle   is described as “thin 
but highly resistant” and “is a major barrier to the penetration of reagents into the 
egg during histological treatment” (Anderson  1973 ). Tiegs ( 1940 ) states that the 
 blastodermal cuticle   of   Hanseniella agilis    is “impermeable to watery stains” and the 
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  Fig. 9.4    Arthropod  phylogeny  . Current scheme of phylogenetic relationships among ( a ) arthro-
pods and ( b ) hexapods. Based on Regier et al.  2010 ; Giribet and Edgecombe  2012 ; Misof et al .  
 2014 . Crustaceans and entognathans are considered as paraphyletic taxons       
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one from   Pauropus silvaticus    (Tiegs  1947 ) is “a very thin and perfectly smooth 
membrane, without any surface-sculpture. Unlike the chorion, it resists boiling with 
caustic soda” suggesting the presence of chitin (Campbell  1929 ). There is also the 
description of a  blastodermal cuticle   in  chilopods   (Knoll  1974 , quoted in Machida 
and Ando  1998 ) and in crustaceans, a  blastodermal cuticle   was described in some 
species (Machida et al .   2002 ), including the parasitic pentastomid   Raillietiella sp .   
(Stender-Seidel and Thomas  1997 ). 

 Regarding entognathans ( Collembola  ,  Protura   and  Diplura  ), the  blastodermal 
cuticle   is better described in collembolans. Jura ( 1972 ) and Anderson ( 1973 ) men-
tion the existence of a  blastodermal cuticle   in a vast number of collembolan species. 
In some species, a second, or even third or fourth  blastodermal cuticle  s are produced 
and, in many species, the chorion ruptures after  blastodermal cuticle   formation 
(Jura  1972 ). In the giant springtail   Tetrodontophora bielanensis   , the fi rst  blastoder-
mal cuticle   is relatively thin and smooth, while the second  blastodermal cuticle   is 

  Fig. 9.5    Dynamics of  cuticular egg envelope   formation during early  embryogenesis   in arthropods. 
Schematic drawing of embryonic cross-sections. ( a ) In  Chelicerata  ,  Myriapoda  ,  Crustacea   and 
 Entognatha   a  blastodermal cuticle   is produced by the cells of the uniform  blastoderm   or ( b ) cells 
of the differentiated  blastoderm  , comprising the embryo and the extraembryonic  region   (named 
 serosa   by some authors). ( c ) In Archeognatha and occasionally in  Zygentoma   after  blastoderm   
differentiation the embryo sinks into the  yolk   but the  serosa   does not fuse ventrally. In this case, a 
serosal  cuticle   with a  cuticular plug   is produced. ( d ) In  Pterygota   and often in  Zygentoma  , after the 
embryo sinks into the  yolk   the  serosa   fuses ventrally and a uniform serosal  cuticle   is secreted. For 
the sake of simplicity, the primary dorsal organ is not depicted. Inspired in schemes presented by 
van der Zee et al .   2005  and Machida  2006        
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wrinkled. After formation of both cuticles the chorion ruptures, and then, the vitel-
line membrane becomes the outermost eggshell layer (Jura et al .   1987 ). In   Tomocerus 
ishibashii    the smooth chorion is ruptured by the formation of a highly sculptured 
fi rst cuticle (with four spines at the dorsal side of the egg and the occurrence of 
many button, cone and seta-like projections throughout the majority of its surface). 
Later, a smooth and thinner second cuticle is also formed (Uemiya and Ando  1987 ). 
Description of embryonic aspects in  Protura  , however, are very scarce (Jura  1972 ), 
and a single investigation depicts   Baculentulus densus    (Fukui and Machida  2006 ; 
Machida  2006 ) in which the secretion of the  blastodermal cuticle   is described 
occurring right after  blastoderm   differentiation. Regarding diplurans, Tiegs ( 1942 ) 
describes the presence of a  blastodermal cuticle   in   Campodea fragilis    but does not 
mention its formation process. A detailed account of  blastodermal cuticle   formation 
in the two-pronged bristletail   Lepidocampa weberi    is given by Ikeda and Machida 
( 2001 ) where this cuticle has diverse alternating regions with differing electron den-
sity that resembles the insect serosal  cuticle   structure (Sect.  9.3.4 ).  

9.3.3       Presence and Formation of Serosal Cuticle in Insects 

 Given that species from all non-insect arthropod clades produce a  blastodermal 
cuticle  , the production of a cuticle solely by the extraembryonic  serosa   is consid-
ered an insect innovation (apomorphy). This could have occurred due to the loss of 
capacity to secrete a cuticle by undifferentiated  blastoderm   cells or embryonic cells 
of the differentiated  blastoderm   (Machida and Ando  1998 ). Therefore it is neces-
sary that serosal  cells   envelop the embryo in order to synthesize its cuticle (see 
below). 

 Serosal  cuticle   descriptions were reported in species of the following insect 
orders:  Archaeognatha   (Machida et al .   1994 ),  Zygentoma   (Masumoto and Machida 
 2006 ),  Ephemeroptera   (Tojo and Machida  1997 ),  Zoraptera   (Mashimo et al .   2014 ), 
 Dermaptera   (Chauvin et al .   1991 )  Plecoptera   (e.g., Miller  1939 ,  1940 ),  Orthoptera   
(e.g., Slifer  1937 ),  Grylloblattodea   (Uchifune and Machida  2005 ),  Embioptera   
(Kershaw  1914 ),  Phasmatodea   (Jintsu et al .   2010 ),  Isoptera   (Striebel  1960  quoted in 
Anderson  1973 ),  Thysanoptera   (Heming  1979 ; Haga  1985 ),  Hemiptera   (e.g., Miura 
et al .   2003 ),  Psocodea   (Hinton  1977 ),  Coleoptera   (e.g., Lincoln  1961 ),  Lepidoptera   
(e.g., Chauvin and Barbier  1979 ) and  Diptera   (e.g., Beckel  1958 ). 

 After  blastoderm   differentiation, the embryo rudiment sinks into the  yolk   and the 
 serosa   completely wraps the embryo, and forms its cuticle. However, in Archaeognata 
the  serosa   does not fuse beneath the embryo and a  cuticular plug   is produced 
(Machida et al .   1994 ) (Fig.  9.5c ). With the exception of  Zygentoma  , the  serosa   in all 
other dicondylian insects (i.e. the pterygotes, see Fig.  9.4b ) becomes a continuous 
sheet that secretes a uniform cuticle (e.g., Machida  2006 ) (Fig.  9.5d ). In the silver-
fi sh   Lepisma saccharina    ( Zygentoma  ) an interesting feature was described: while in 
68 % of analyzed embryos a continuous cuticle is present (Fig.  9.5d ), in 32 % of 
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them the  serosa   does not fuse ventrally and then a  cuticular plug   is present, as in 
 Archaeognatha   (Fig.  9.5c ) (Masumoto and Machida  2006 ). 

 Although serosal  cuticle   presence occurs throughout insect taxons, some species 
lack this structure. The most conspicuous example is  D. melanogaster , which does 
not posses  serosa   and  amnion   but rather a derived  amnioserosa   and no serosal  cuti-
cle   (Panfi lio  2008 ). The  amnioserosa   (and lack of serosal  cuticle  ) evolved in the 
higher Cyclorrhapha (Schizophora) lineage (Schmidt-Ott  2000 ; Rafi qi et al .   2008 ). 
Exceptions also occur in hemipteran species like the milkweed bug   Oncopeltus fas-
ciatus    that despite having  serosa   and  amnion  , does not produce a serosal  cuticle 
  (Dorn  1976 ). The sexually-produced eggs of the pea aphid   Acyrthosiphon pisum    
have a serosal  cuticle  , whereas the parthenogenetic embryos, which develop within 
the ovarioles of the mother, have a reduced  serosa   and lack a serosal  cuticle   (Miura 
et al .   2003 ). 

 In the tobacco hornworm   Manduca sexta   , the  serosa   produces another extracel-
lular matrix, the serosal  membrane  , after the serosal  cuticle   secretion is completed 
(Lamer and Dorn  2001 ). The authors describe this membrane as possessing uncom-
mon physical characteristics being “tough, rubbery” and “extremely elastic, tear- 
proof and somewhat gluey”.  

9.3.4      Serosal Cuticle Structure 

 Contrary to the extensive description of serosal  cuticle   existence throughout the 
class  Insecta  , a detailed characterization of its structure can be found in species 
confi ned to few orders:  Archaeognatha  ,  Dermaptera  ,  Orthoptera  ,  Coleoptera   and 
 Lepidoptera  . 

 According to Machida and Ando ( 1985 ) and Machida et al .  ( 1994 ), the serosal 
 cuticle   of the archeognathan   Pedetontus unimaculatus    is a three-layered structure. It 
is important to mention that in the Machida and Ando communication, these serosal 
 cuticle   layers are misnamed ‘blastodermic cuticles’. The fi rst layer is 2–4 μm thick 
and is deposited facing the chorion. It is initially light brown and darkens, changing 
the egg color from orange to dark brown probably due to  melanization   (Sects. 
 9.2.8.4  and  9.3.5 , Chap.   6    ). The apical surface has polygonal structures with pointed 
processes at the center of each polygon. A hyaline sheet named coating layer is 
deposited at the apical surface of this fi rst layer. Subsequently, the electron-lucent 
homogeneous second layer of 4–8 μm thickness is deposited below, followed by a 
5–10 μm thick third layer. The third layer has a laminar organization similar to the 
one found in the serosal  endocuticle      of other insects (see below). The  cuticular plug 
  is comprised of the second and third layers of the serosal  cuticle   (Machida and 
Ando  1985 ; Machida et al .   1994 ). 

 In most pterygotes, the serosal  cuticle   is comprised of a thin outermost  epicuticle   
with a thickness of about 1 μm and a thick lamellate and fi brous  endocuticle   (also 
named  procuticle  ), synthesized after  epicuticle   formation (Fig.  9.6 ), with thickness 
raging from 1.6 to 22 μm, depending on the species. It is worth mentioning that 
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Eleanor Slifer, in her seminal communication from 1937, named the serosal  epicu-
ticle      and  endocuticle  , respectively, ‘ yellow cuticle  ’ and ‘ white cuticle  ’.  The   serosal 
 epicuticle   and  endocuticle   resemble the  epicuticle   and  procuticle   layers of post- 
embryonic integuments of insects (Chap.   3    ) (Chapman  1998 ). Apart from these 
similarities, the  epicuticle   structure varies among species, as well as the thickness of 
 both   serosal  epicuticle   and  endocuticle   (Table  9.1 ). In all cases observed, the 
 endocuticle   is comprised of a stratifi ed, lamellate structure with regions of alternat-
ing electron densities. Number  of   lamellae varies between 7 and 90, and layer thick-
ness may differ in a single species, depending on the methodology of sample 
preparation and analysis (see the case with the house cricket   Acheta domesticus   , 
Table  9.1 ).

    In  R.    prolixus    a thin layer of less than 1 μm thick is produced by the  serosa   
(Beament  1949 ). The author names it the “ epembryonic membrane  ” but its 
 description falls  within   serosal  epicuticle   depictions reported in other species. The 
 endocuticle   is the only serosal  cuticle   layer that contains chitin (see below), and it 
seems that this bug lacks this layer: an analysis of chitin presence or formation 
through dye labeling, gene expression and  gene silencing   indicates that the fi rst 
chitin- containing cuticle produced during  R.    prolixus     embryogenesis   is an   embryonic 
cuticle   (Souza- Ferreira et al.  2014 ). The presence of a two-layered serosal  cuticle 
  has not been described in mosquitoes, although preliminary results indicate that this 
is indeed the case (Beckel  1954 ; Farnesi, personal communication).  

  Fig. 9.6    Structure and dynamics of serosal  cuticle   deposition in pterygote insects.  Left : Cartoons 
depicting the stepwise secretion of serosal  cuticle   layers. A thin epicutile is produced below the 
maternal eggshell layers produced during  oogenesis  . Subsequently, a thick  endocuticle   composed 
of various  lamellae   is gradually deposited.  Right : Transmission electron micrograph of a serosal 
 cuticle   from   Tribolium castaneum    composed of 12  endocuticle   sheets (courtesy of M. van der Zee). 
Other  endocuticle    lamellae   will be further added as  embryogenesis   progresses. Scale bar = 0.5 μm       

 

9 Composite Eggshell Matrices: Chorionic Layers and Sub-chorionic Cuticular…

http://dx.doi.org/10.1007/978-3-319-40740-1_3


350

9.3.5       Serosal Cuticle Biochemical Constitution 

  The   serosal  epicuticle   contains protein and is generally believed to be also com-
posed of lipids and  waxes  , whereas  the   serosal  endocuticle   is made of chitin and 
proteins. Most likely,  sclerotization  -related substances are also present in both lay-
ers. There is little defi nitive evidence regarding serosal  cuticle   composition, although 
recent genetic evidences corroborate earlier descriptions. 

    Table 9.1    Physical features of serosal cuticle layers from pterygote insects   

 Order  Species 

 Epicuticle  Endocuticle 

 Reference 
 Thickness 
(μm)  Details 

 Thickness 
(μm) 

 Lamellae 
number 

 Dermaptera   Forfi cula 
auricularia  

 0.02  –  2  –  Chauvin 
et al. ( 1991 ) 

 Orthoptera   Melanoplus 
differentialis  

 1  Two regions, 
innermost 
very thin 
(0.02 μm) 
and very 
electron 
dense 

 15–20  ≥14  Slifer 
( 1937 ); 
Slifer and 
Sekhon 
( 1963 ) 

  Acheta 
domesticus  a  

 0.4  –  8–10  –  McFarlane 
( 1960 ) 

  Acheta 
domesticus  b  

 0.1  Five regions, 
alternating 
electron 
lucent and 
electron 
dense zones 

 22  30–40  Furneaux 
et al .  ( 1969 ) 

 Lepidoptera   Manduca 
sexta  

 0.3  An outer 
electron 
dense region 
and an inner 
electron 
lucent region 

 2  7–9  Lamer and 
Dorn ( 2001 ) 

 Coleoptera   Listronotus 
oregonensis  

 n.m.  –  10–13  90  Nenon et al. 
( 1995 ) 

  Tribolium 
castaneum  

 0.4  An outer 
electron 
dense region 
and an inner 
electron 
lucent region 

 1.6  14  Chaudhari 
et al .  ( 2015 ) 

   a Observed through frozen sections and light microscopy 
  b Observed through electron microscopy 
 n.m. not mentvioned  
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  The   serosal  epicuticle   of  A.    domesticus    is considered as a ‘lipoid layer’, since it 
is hydrophobic, stains with Sudan dyes and is intensely osmiophilic (McFarlane 
 1960 ; Furneaux et al .   1969 ). It contains proteins that after hydrolysis yield all ami-
noacids except methionine, hydroxyproline and tryptophan. It is noteworthy that 
“readily available” amounts of phenylalanine and tyrosine are observed (McFarlane 
 1962 ), whereas these are precursors of both  melanization   and  sclerotization   path-
ways (Chap.   6    , Hopkins and Kramer  1992 ).  The   serosal  epicuticle   of  R.    prolixus    
( epembryonic membrane  , see above) is described as being “probably proteinaceous 
with  tanning   substances” and impregnated with  a   wax-like substance (Beament 
 1949 ). Indirect evidence suggests that  A. aegypti  serosal  cuticle   contains  a    wax   layer 
(Harwood and Horsfall  1959 ). 

  The   serosal  endocuticle   of  A.    domesticus    contains proteins with amino acid com-
position similar to the one observed for its  epicuticle   (McFarlane  1962 ). Chitin 
presence in  the   serosal  endocuticle   has been described in two orthopteran species, 
the differential grasshopper   Melanoplus differentialis    and  A.    domesticus   , through 
chemical procedures that reacted positive to chitin (Campbell  1929 ; Jahn  1935 ; 
McFarlane  1960 ). However, due to inconsistence among different methods, Jahn 
raises the issue about chitin specifi city of these methods (Jahn  1935 ). In any case, 
 gene silencing   experiments confi rmed chitin presence in  T.    castaneum       serosal 
 endocuticle   (see below) (Jacobs et al .   2013 ). Although not being localized specifi -
cally to its  endocuticle  , chitin presence in the serosal  cuticle   is mentioned in zygen-
toman species (Jura  1972 ) and detected in mosquitoes of the genera  Aedes ,  Culex  
and  Anopheles  through chemical methods or lectin labeling (Beckel  1958 ; Rezende 
et al .   2008 ; Goltsev et al.  2009 ; Farnesi et al .   2015 ). 

 In the orthopterans  A.    domesticus    and the two-striped grasshopper  Melanoplus 
bivittatus  the molecules  dopa  ,  dopamine   and  NADA  , related with both  melanization   
and  sclerotization   pathways (Sects.  9.2.8.3  and  9.2.8.4 , Chap.   6    ) (Hopkins and 
Kramer  1992 ) are exclusively found in the serosal  cells   and the serosal  cuticle  . 
However, their specifi c presence in  either   serosal  epicuticle   or  endocuticle   was not 
investigated (Furneaux and McFarlane  1965a ,  b ). The  serosa   and serosal  cuticle   of  A.  
  domesticus    also possess an enzyme that can melanize both structures, when stimu-
lated (McFarlane  1960 ). Since the  serosa   and serosal  cuticle   of this cricket do not 
darken, this enzyme might physiologically participate in the  sclerotization   pathway. 

 Finally, gene expression analyses in  An. gambiae  and  T.    castaneum    also point to 
the presence of chitin,  wax  -like and  tanning   agents in serosal  cuticle   composition 
(see below).  

9.3.6     Hormonal and Genetic Processes Related with Serosal 
Cuticle Formation 

  Ecdysteroids   are involved in serosal  cuticle   formation, similarly to their involve-
ment in post-embryonic cuticle synthesis (Chapman  1998 ). Follicle cells of the 
migratory locust   Locusta migratoria    produce  ecdysteroids   during ovarian 
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development. These are introduced into the oocyte as inactive conjugated polar 
compounds (Lagueux et al .   1977 ). At the onset of serosal  cuticle   formation, there is 
a peak of expression of  ecdysone   (an active form of  ecdysteroid  ) in serosal  cells   
(Lagueux et al .   1979 ). Most likely,  ecdysone   autocrinally triggers cuticle produc-
tion in serosal  cells   (Goltsev et al .   2009 ). Descriptions of effector genes expression 
in the  serosa   are few and recent (see below). In a broad sense, the molecular evi-
dence corroborates previous biochemical fi ndings that the serosal  cuticle   is com-
posed of lipids or  wax  , chitin, proteins and  sclerotization  -related molecules. 
However, structural evidence exists only for the presence of chitin. 

 The fi rst report of a gene putatively associated with serosal  cuticle   formation is 
 Chitin synthase 1  (also named   Chitin synthase A   ) in the mosquito  A. aegypti . This 
gene is related to chitin production (Moussian et al .   2005a ) and has two alternative 
splicing forms:   Chs1a    and   Chs1b   . While both splice forms are expressed at late 
 embryogenesis   for larval cuticle synthesis, only   Chs1a    is expressed in eggs at the 
moment of serosal  cuticle   formation (Rezende et al .   2008 ). Beyond that, informa-
tion regarding genes associated with serosal  cuticle   production comes from studies 
carried out in  An. gambiae  and  T.    castaneum   . 

 During early  An. gambiae   embryogenesis  , prior to the secretion of its cuticle, the 
 serosa   gets intimately associated with the endochorion. After egg fi xation the 
eggshell- associated  serosa   is manually separable from the embryo. A microarray 
gene expression profi le comparison of these two isolated samples (embryo and 
 serosa  ), identifi ed 359 candidates transcripts as being “ serosa  -specifi c” (Goltsev 
et al.  2009 ). In the same study,  in situ  hybridizations confi rmed serosal expression 
of the following genes:   Chs1   ,   serpentine    – related with chitin microfi brils organiza-
tion (Luschnig et al.  2006 ),   Dopa decarboxylase    and   Tyrosine hydroxylase    – related 
both with  sclerotization   and  melanization   pathways (Hopkins and Kramer  1992 ), 
and   Elovl   , presumably related with  wax   production (Vasireddy et al .   2007 ). The 
expression of   knickopf  ( knk )  , necessary for proper chitin deposition (Moussian et al. 
 2006 ), was evaluated throughout  An. gambiae   embryogenesis   (Goltsev et al.  2009 ). 
It was suggested that  knk  is expressed in the  serosa   of this mosquito, and later, this 
was confi rmed in  T.    castaneum    (see below). Most of the cuticle genes detected in 
 An. gambiae   serosa   present a biphasic expression: at early  embryogenesis  , related 
with serosal  cuticle   formation and at late  embryogenesis  , associated with larval 
cuticle synthesis. The existence of a cuticle gene battery employed for the produc-
tion of both cuticles during  embryogenesis   was suggested. This gene battery would 
also be used for post-embryonic cuticle production (Goltsev et al .   2009 ). 

 It is possible to silence  T.    castaneum    genes in the egg through dsRNA-mediated 
 RNAi   targeted against the desired transcript (van der Zee et al .   2005 ). With this 
approach the following cuticle-related genes were silenced in the egg:   Chs1   ,  Knk1 , 
  retroactive  ( rtv )  , important for the correct organization of chitin fi laments (Moussian 
et al .   2005b ) and   Laccase2    ( Lac2 ), related with  melanization   and  sclerotization   
(Arakane et al .   2005 ). Absence of   Chs1    affects the inner serosal  cuticle   layer: 
instead of the organized lamelate structure,  the   serosal  endocuticle   becomes an 
amorphous layer, most likely composed solely of structural proteins (see below). 
Absence of  Knk1  and  Rtv  shows a similar pattern but in these cases the  amorphous 
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  serosal  endocuticle   might also contain disorganized chitin molecules. In all cases 
 the   serosal  epicuticle   remains intact (Jacobs et al.  2013 ,  2015 ; Chaudhari et al .  
 2015 ).  Lac2  silencing does not affect  neither   serosal  epicuticle   nor  endocuticle   
structures although it interferes with the serosal  cuticle   physiological role (see 
below) (Jacobs et al .   2015 ). 

 It is feasible to generate  T.    castaneum    eggs without a  serosa   through  RNAi   aim-
ing the  transcription factor     zerknüllt 1  ( Zen1 )   (van der Zee et al .   2005 ). These 
 serosa  -less eggs do not produce a  cuticular egg envelope   but develops normally and 
are viable under standard conditions (Jacobs et al .   2013 ). A comparison between the 
transcriptome profi le of late embryos with and without  serosa   was performed 
(Jacobs et al .   2015 ). Twelve genes coding cuticular proteins that are putatively asso-
ciated with serosal  cuticle   formation were identifi ed: three proteins annotated as 
“cuticle protein-like”, seven proteins containing  peritrophin   domains and two new 
uncharacterized proteins containing chitin  binding motifs  .  

9.3.7     Physiological Role of the Serosal Cuticle 

 Serosal  cuticle   formation is related to water balance alterations in insect eggs. There 
are differences regarding how the dynamics of egg water fl ow occurs among spe-
cies, one of the aspects being if extra water is required for egg development after it 
is laid (Wigglesworth  1972 ; Hinton  1981 ). In any case, the general perspective is the 
same: complete serosal  cuticle   formation leads to a decrease in  egg water 
permeability  . 

 Eggs of some species are laid in moist environments, but during early  embryo-
genesis   they do not absorb water. In crickets and grasshoppers the egg commences 
to uptake water and increases in length, width, volume and weight only after the 
 serosa   surrounds the developing embryo (McFarlane and Kennard  1960 ; Chapman 
 1998 ; Donoughe and Extavour  2015 ). The rate of water loss increases considerably 
during this period if eggs are transferred to  desiccating conditions  . The period asso-
ciated  with   water uptake is concomitant with serosal  cuticle   generation:    serosal 
 endocuticle   complete formation and serosal  cuticle    sclerotization   coincide with the 
fi nalization of the egg water absorption phase and the decrease of water loss rate 
under  desiccating conditions   (McFarlane  1960 ; Hinton  1981 ; Chapman  1998 ). In 
some insect species, egg expansion causes the chorion to crack and the vitelline 
membrane becomes the outermost egg envelope (Wigglesworth  1972 ; Hartley  1962 ; 
Hinton  1981 ), similar to the chorion rupture that occurs with some collembolans 
(see Sect.  9.3.2 ). With respect to lepidopteran species, a similar pattern was 
described in the fairy moth   Nemophora albiantennella    (Kobayashi  1998 ): com-
mencement and fi nalization of  egg   water uptake are correlated with serosal envelop-
ment of the embryo and complete formation of the serosal  cuticle  , respectively. 

 Eggs of other insect species are laid in moist environments  and   water uptake 
starts way before the  serosa   surrounds the embryo.    Water uptake in eggs of the 
Devil’s coach-horse beetle   Ocypus olens    commences shortly after they are laid.  The 
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  water uptake period ceases with serosal  cuticle   formation and, under  desiccating 
conditions  , this cuticle diminishes egg water loss (Lincoln  1961 ). Mosquito eggs 
commence to uptake water promptly after being laid (Kliewer  1961 ). If during this 
period eggs are transferred into a dry environment, they shrink in few minutes and 
the embryo dies (Valencia et al .   1996 ; Rezende et al .   2008 ; Goltsev et al .   2009 ). 
After serosal  cuticle   production, water no longer enters the egg and water loss sus-
ceptibility decreases considerably (Kliewer  1961 ). Serosal  cuticle   formation in 
mosquitoes is associated with the egg capacity to survive under dry conditions 
(Rezende et al .   2008 ; Goltsev et al .   2009 ). However, the degree of egg viability 
outside water varies among species, from few hours to months (Vargas et al .   2014 , 
Farnesi et al. manuscript in preparation). Higher chitin content in mosquito serosal 
 cuticle   seems to be correlated with higher egg viability under  desiccating condi-
tions  , yet other factors might also play a role in viability differences (see below) 
(Farnesi et al .   2015 ). 

 The serosal  cuticle   also increases the resistance to desiccation in species that lay 
eggs in relatively dry environments. In these cases, analyses are performed under 
artifi cial conditions such as (i) submitting eggs to temperatures above 40 °C to eval-
uate the critical temperature  when    wax   layers (a major component limiting water 
loss) melts, or (ii) keeping eggs at extreme  desiccating conditions  , such as a 5 % 
relative humidity (Hadley  1994 ; Chapman  1998 ). In  R.    prolixus    the desiccating 
critical temperature raises from 42.5 °C to 68 °C after the  wax  - impregnated   serosal 
 epicuticle   ( epembryonic membrane  ) is formed (Beament  1949 ). 

 While all the above reports present circumstantial evidences suggesting the 
physiological role of serosal  cuticles   in increasing egg resistance to  desiccation  , 
none present functional proofs. Recently, however,  RNAi   experiments in  T.    casta-
neum    paved the way to carefully confi rm serosal  cuticle   function and the genes 
related with it. Silencing of  Zen1 ,   Chs1   ,  Knk1  and  Rtv  leads to distinct levels of 
serosal  cuticle   disruption and egg viability. When  Zen1  and   Chs1     RNAi   eggs are 
kept at 5 % relative humidity, the respective viability is 5 % and 30 % while about 
67 % viability was recorded in  Knk1 - and  Rtv -silenced eggs kept at the same 
 humidity. Control eggs present 80-90 % viability (Jacobs et al.  2013 ,  2015 ). These 
differences are probably associated with the role of each gene: without  Zen1  there 
is neither  serosa   nor serosal  cuticle  ; in eggs lacking   Chs1    both  serosa   and serosal 
 cuticle   exists, but are devoid of chitin; without  Knk1  and  Rtv ,  serosa   and serosal 
 cuticle   occurs, but most likely with disorganized chitin fi brils. The viability differ-
ence found between  Zen1  and   Chs1     RNAi   eggs might be due to the presence of the 
serosal  cells  , that may have an active role in water balance, or to other serosal  cuti-
cle   constituents, such as the proteins of the  endocuticle   or the components of  the 
  serosal  epicuticle  , that are not affected (Jacobs et al .   2013 ). Silencing of  Lac2  under 
 desiccating conditions   also led to an egg viability of about 70 % (Jacobs et al .   2015 ). 
Although the  sclerotization   driven by  Laccase2   might be relevant for serosal  cuticle 
  formation and role against desiccation, its relevance in chorion formation; or both 
chorion and cuticle, should also be considered. 

 Apart from water balance, the serosal  cuticle   seems to be involved in egg protec-
tion against  predators  . While freshly laid embryos of  M.    sexta    are predated by the 
slit bug  Jalysus spinosus , later ones become sheltered from this attack. Formation of 
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the serosal  cuticle   and  the   serosal membrane (Sect.  9.3.3 ) coincides with the inabil-
ity of  J.    spinosus    to predate the egg (Elsey  1972 ).   

9.4     Concluding Remarks 

 This chapter attempted to combine classical information regarding the eggshell of 
insects with recent fi ndings, embracing genetic, structural and physiological aspects. 
We hope to contribute with relevant information for those interested in insect eggs 
and eggshells, as other literature revisions have done in the past (Hinton  1981 ; 
Margaritis  1985a ; Regier and Kafatos  1985 ; Trougakos and Margaritis  2002 ; 
Swevers et al.  2005 ). The increase in the number of insect species amenable to be 
used in the laboratory, as well as the advent of  gene silencing   and editing techniques 
allow us to predict that the genetic understanding regarding insect eggshells will 
fl ourish in the near future. In addition, the epigenetic regulation of eggshell  forma-
tion   is poorly understood and should also be aimed. It is of interest to understand the 
commonalities present throughout the insect taxa as well as the evolutionary pro-
cesses related with specifi c taxon or species. How are specifi c (epi)genetic features 
related with the ecology of each egg? e.g., if the egg is parasitized by other insects 
or by microorganisms; if eggs are laid in litter, under bark, within animals or plants, 
in aquatic or semiaquatic habitats or other environments (Zeh et al.  1989 ). In addi-
tion only one species with  panoistic ovaries      has its (epi)genetic process of eggshell 
 formation   studied with some depth: the German cockroach  Blattella germanica  
(Sects.  9.2.2.1 ,  9.2.6 ,  9.2.7 ). The eggs of this cockroach are encased within an 
 ootheca   that poses distinct challenges for the egg. How similar or different is the 
production of an egg originated from a panoistic  ovary      without  ootheca  ? 

 This is the fi rst time that blastodermal and serosal  cuticle   egg envelopes have 
been reviewed. While their genetics and physiology are reasonably well described 
in insects, nearly null information regarding these aspects exists in non-insect 
arthropods. In addition, to understand how the ancestral  blastodermal cuticle   origi-
nated the derived serosal  cuticle   (Sect.  9.3.3 ) is an interesting theme for the fi elds of 
developmental biology and evolution. This can be tackled employing species whose 
genes can be silenced or edited such as some spiders, crustaceans, collembolans, 
crickets, grasshoppers, moths and beetles. 

 Finally, one of the themes deserving attention is the genetics of production of 
lipids (or  waxes  ) present in structures such as the  chorion    wax   layer and  the   serosal 
 epicuticle  . The relevance of lipids or its derivatives for the production  of    water-
proofi ng layers   is well acknowledged (Hadley  1994 ; Chapman  1998 ) but there are 
few studies in insects showing the genetics behind it (Qiu et al.  2012 ) and none at 
the egg stage. Transcriptome analyses, such as the ones employed in  D. melanogas-
ter  follicle cells (Tootle et al.  2011 ) and  An. gambiae  serosal  cells   (Goltsev et al. 
 2009 ), when properly followed by functional studies, might fi ll this gap.      
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    Chapter 10   
 Targeting Cuticular Components for Pest 
Management                     

     Daniel     Doucet      and     Arthur     Retnakaran    

    Abstract     The insect exoskeleton is present as a rigid structure above a monolayer 
of epidermal cells and together both form the integument. The cuticle is composed 
of an outer, multilayered epicuticle and an inner procuticle containing the chitinous 
exo- and endo- cuticle. The non-living cuticle is replaced during each instar to 
accommodate growth and development by sequentially degrading the old cuticle 
and replacing it with a new one. The entire molting cycle and the shedding of the old 
cuticle are precisely regulated by a series of endocrine and neuroendocrine cues. 
This chapter addresses the various cuticular components, cuticular metabolism and 
cuticular biogenesis regulatory systems that have been targeted for pest manage-
ment. Major classes of synthetic compounds, including benzoylphenyl ureas, ben-
zoyl hydrazines and etoxazole that target chitin synthesis and the molting cycle are 
presented. In addition, we focus on recent developments toward the targeting of 
additional components of the cuticle or processes of cuticle biogenesis that may fi nd 
future applications in pest management.  

10.1       Introduction 

 Insects and humans compete for the same resources such as food crops and lumber 
as well as many of them serve as vectors of human diseases like malaria. This age 
old confl ict has been the impetus that led to the development of ways and means of 
controlling insects. As early as 2500 BC the Sumerians used sulfur compounds to 
control insects (Perry et al.  1998 ). The development of chlorinated hydrocarbons 
such as DDT (dichlorodiphenyltrichlorethane) revolutionized insect control by effi -
cient performance against agricultural pests as well as saving thousands of lives 
from malaria. The indiscriminate and large scale use of DDT led to collateral dam-
age on non-target species and was highlighted by Rachel Carson in her epic book 
“Silent Spring”, in 1962. This singular event has been a major catalyst for the 
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development of successive generations of insecticides that are less harmful to the 
environment (Berry-Caban  2011 ). 

 Insects have various cells, tissues and organ systems that are either unique or that 
exhibit differences with those of other taxa in terms of their ontology or metabo-
lism. These differences, even if subtle, can offer opportunities for pest management. 
One defi ning structure of insects is the  exoskeleton   which they share with other 
arthropods. The  exoskeleton   acts as a defensive shield against predators, parasites 
and microbial infections, forms a watertight barrier against desiccation and main-
tains sensory interaction with the outside world. It also provides sites for anchoring 
the muscles necessary for locomotion (Vincent and Wegst  2004 ). Several pest man-
agement strategies, which have been developed either by design or serendipitously 
to target the different components of the cuticle, will be the subject of this chapter.  

10.2     Structure of the Integument 

 The  exoskeleton   of insects is made up of a non-living cuticle secreted by an under-
lying epidermis and together both form the  integument   (Fig.  10.1 ). As insects grow 
they molt by shedding the old cuticle and replacing it with a new one. In preparation 
for the molt, the epidermal cells proliferate and separate from the cuticle above, a 
process called  apolysis  . The subcuticular space is fi lled with a molting fl uid contain-
ing a cocktail of cuticle-degrading enzymes (proteases and  chitinases  ) secreted by 

  Fig. 10.1    Scheme of a generalized insect  integument (with the kind permission of Elsevier Ltd.)          

 

D. Doucet and A. Retnakaran



371

the epidermis in the form of a gel. The zymogenic proteases require activation once 
the protective  cuticulin   layer (outer  epicuticle  ) is secreted, while  chitinases   appear 
to be constitutively active (Chaudhari et al.  2011 ). The enzymatically active molting 
fl uid progressively degrades the procuticle in a baso-apical direction up to the 
exocuticular layer, while concomitantly the epidermis secretes the procuticle under 
the new  cuticulin   layer. At this stage, the insect undergoes  ecdysis   resulting in the 
shedding of the remnants of the old cuticle ( exocuticle   and  epicuticle  ). The prolifer-
ated epidermal cells stretch and the procuticle expands into the endo- and  exocuticle   
layers with the latter undergoing  sclerotization   and in certain cases melanization 
(Fig.  10.2 ).

10.3        The Epicuticle 

  The formation of the  epicuticle   begins with the onset of secretion of the  cuticulin   
layer on the surface of the epidermis covered by a thin lipoprotein envelope and 
heralds the beginning of the molting cycle. The smooth surface of the epidermal cell 
transforms into microvilli at the apices of which epicentres of  cuticulin   are secreted. 
These epicentres become confl uent to form a thin layer covering the surface of the 
cell (Fristrom et al.  1986 ; Locke  1991 ; Payre  2004 ; Moussian  2010 ). The  cuticulin   
is made of lipids and proteins and protects the epidermis from the moulting fl uid. 

Cuticulin synthesis and
activation of moulting fluid

Digestion of old cuticle
enroute to ecdysis

Apolysis with subcuticular
space filled with inactive
moulting fluid

Fully developed Cuticle
Epicuticle

Subcuticular space
filled with inactive
moulting fluid

Subcuticular space
filled with active
moulting fluid

Moulting fluid
degrading the
old Endocuticle
and Exocuticle

Cuticulin layer

Cuticulin layer

Epidermis
Basal membrane

  Fig. 10.2    The molting cycle (See text for details, with the kind permission of John Wiley and 
Sons.)       

 

10 Targeting Cuticular Components for Pest Management



372

The  cuticulin   layer becomes the outer epicuticle and an inner epicuticle is secreted 
as the cuticle is progressively elaborated. 

 The epicuticle contains various types of hydrocarbons that act among other 
things as antidessicants. The cement layer and the wax layer probably originate 
from the dermal glands and are deposited on the surface to augment the antidessica-
tion process (Villaverde et al.  2009 ).  Oenocytes  , which are specialized cells found 
in many anatomical locations, including the epidermis, are involved in lipid pro-
cessing and deposition on the surface of the  exoskeleton   (Martins and Ramalho- 
Ortiago  2012 ; Makki et al.  2014 ). The bevy of hydrocarbons and lipids present in 
the epicuticle waterproof its surface, but also have a variety of chemosensory and 
pheromonal functions (Neville  1975 ; Chap.   7     in this book). Two types of control 
products that affect the physico-chemical integrity of the epicuticle are in use 
against insects, one inorganic (diatomaceous  earth  ), the other a class of biological 
agent (entomofungi) .

10.3.1       Diatomaceous Earths and Dessicants 

  Diatomaceous earths (DE)   are silica based fossilized remains of diatoms and are 
used against many insect pests as a desiccant (Cook et al.  2008 ; Blomquist and 
Bagnères  2010 ). They were originally considered as abrasive agents physically 
damaging the  epicuticle  , but this appears to be a minor effect. DEs adsorb the lipids 
in the  epicuticle   layer, thereby removing the waterproofi ng effect of the  exoskeleton   
and allowing rapid dessication of the insect. In the fl our mite   Acarus siro   , GC-MS 
analysis of  epicuticle   solvent washes indicated the presence of C 13  – C 26  hydrocar-
bons, with  n -tridecane being a major component. When treated with  DEs   for 72 h, 
little or no hydrocarbons including  n -tridecane were left on the mites, but surpris-
ingly scanning electron microscopy revealed very little sign of abrasion (Cook et al. 
 2008 ).  DEs   are very effective in controlling adults of the lesser grain borer, 
  Rhyzopertha dominica   , the rice weevil,   Sitophilus oryzae    and the confused fl our 
beetle,   Tribolium confusum    (Kavallieratos et al.  2015 ).  

10.3.2     Entomopathogenic Fungi 

   Entomopathogenic fungi (EFs)   are parasites of insects that penetrate the body, and 
ramify inside and sporulate on the surface, leading to lethality. EFs belong to as 
many as 52 genera distributed across nine higher taxonomic ranks of fungi, the 
common feature being pathogenicity to insects (Samson et al.  1988 ). One of the best 
characterized EF,   Beauveria bassiana   , leads a saprophytic existence in the soil and 
asexually produces conidiospores from special hyphae, the conidiophores. When 
conidiospores land on an insect they stick to the cuticle with a gel containing adhe-
sive molecules, hydrophobins (water repelling proteins) and Mad adhesins (anchor 
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sites) (Fig.  10.3 ). The various fatty acids and hydrocarbons on the surface of the 
insect cuticle have differential effects on conidiospores, some stimulating and oth-
ers inhibiting adhesion. EFs have been shown to survive on insect-like hydrocar-
bons as the sole source by hydroxylating the substrate with a  cytochrome P450   
monooxygenase followed by β-oxidation (Huarte-Bonnet et al.  2015 ). The insect 
cuticle is the fi rst line of defence against invasion by parasites and microbes and has 
 inter alia  antimicrobial peptides, quinones, terpenes,  β-1,3-glucanases  , proteinases 
and chitinase inhibitors which the fungus has to overcome in order to enter the 
insect. Upon adhesion, the conidiospore germinates and enters the epicutile utiliz-
ing panoply of enzymes and anti-immune compounds. EFs secrete hydrolases, 
lipases, esterases,  chitinases   and proteases as well as penetrant tubes called appres-
soria that aid in the penetration into the cuticle (Bai et al.  2012 ; Ortiz-Urquiza and 
Keyhani  2013 ). Hyphae infi ltrate and reach the haemocoel and bud spores, the blas-
tospores which invade the various organ systems and upon the death of the insect 
the spores spread in the soil and start the saprophytic cycle. In terms of their fi eld 
application,   Beauveria bassiana   ,   Metarhizium anisopliae    and   Isaria fumosorosea    
are  EFs   that have been well developed for commercial use, but many others are in 
the process of being tested (Gabarty et al.  2014 ). 

 As DE and EFs display distinct effects on the insect cuticle, their combined 
application should in principle enhance insecticidal activity. This assumption may 
not hold for all pest control settings, and research within the last two decades has 

  Fig. 10.3    Cuticle penetration by entomopathogenic fungus (with the kind permission of Elsevier 
Ltd.)       
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shown that the effect of the co-application of both products is highly species- and 
stage-specifi c. DE potently synergises  B.    bassiana    treatment in adults of  R.    domi-
nica    and of the sawtoothed grain beetle   Oryzaephilus surinamensis   , but a positive 
interaction against adults of the rusty grain beetle   Cryptolestes ferrugineus    is only 
observed at moderate doses of conidia (Lord  2001 ). Likewise, DE reduces the LC 50  
of  B.    bassiana    against  T.    castaneum    larvae up to 17-fold, but doesn’t increase mor-
tality against adults (Akbar et al.  2004 ). In addition to host-dependent factors, tem-
perature and humidity are strong determinants of the effi cacy of DE and EFs. DE 
and  B.    bassiana    co-treatment was found to be more effective against  R.    dominica    
under low (43 %) than high (75 %) relative humidities which is counter intuitive 
since fungi are maximally effective under elevated ambient moisture. Low humidity 
may be stressful to the insects, making them more vulnerable to the fungal infection 
process (Lord  2005 ). For stored grain pests, the type of conidial preparation (aque-
ous versus dry), the type of commodity (fl our, wheat, maize) and exposure intervals 
were also shown to be important (Kavallieratos et al.  2006 ; Athanassiou et al.  2008 ). 
Apart from pests of stored commodities, the effi cacy of DE + EF treatment was 
tested for control of the poultry red mite (  Dermanyssus gallinae   ) and the Chagas 
disase vector   Triatoma infestans   , where synergism was demonstrated in these cases 
(Luz et al.  2012 ; Steenberg and Kilpinen  2014 ) .

10.3.3        The Cuticular Hydrocarbons 

  Cuticular hydrocarbons   are covered in detail in Chap.   7    , but a brief mention of vola-
tile hydrocarbons and their importance in pest management is warranted here. 
Insects depend on an array of volatile hydrocarbons produced in the  integument   and 
released from the  epicuticle   for chemical communication. Besides protection, these 
 cuticular hydrocarbons   are used by insects as chemical signals to send and receive 
various types of information crucial to their survival. All these signaling hydrocar-
bons are grouped together as semiochemicals. They can be either intraspecifi c 
(pheromone) or interspecifi c (allomones, kairomones) (Ingleby  2015 ). 
Semiochemicals of both types have been utilized for pest management. Sex phero-
mones have been used in traps for monitoring pest population levels and have also 
been applied for mating disruption using aerial dispersal or with special ground- 
based dispensers (Touhara  2013 ).   

10.4     The Endocuticle 

 The  endocuticle  , which is a major component of the cuticle, is characterized by 
chito-protein lamellae (Locke  1991 ). Chitin is an amino polysaccharide made up of 
 N-acetyl glucosamine   units and is the second most abundant naturally-occurring 
polymer behind cellulose. It forms an integral part of the  exoskeleton   of insects and 
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is degraded and resynthesized during each molt. Such processes are meticulously 
managed by several hormones acting in concert with a panoply of transcription fac-
tors (Nijhout  1981 ; Hiruma and Kaneko  2013 ; Chaudhari et al .   2015 ; Cheong et al .  
 2015 ). Chitin synthesis in the  endocuticle   has been successfully targeted for pest 
management by a collection compounds usually referred to as  insect growth regula-
tors (IGRs)  . 

10.4.1     Chitin as Target 

 Chitin is synthesized, cross-linked with cuticular proteins to form cuticular struc-
tures and subsequently is degraded and resorbed during each molting cycle. Three 
targets within chitin metabolism, which are amenable for pest control, have been 
exploited. First, chitin synthesis can be blocked, resulting in an incomplete and 
deformed molt that consequently led to lethality. Benzoylphenyl ureas cause such 
molt deformities and many compounds of this family have been commercialized. 
Second, the hormonal regulation of chitin formation can be adversely interfered 
with, resulting in aberrant molting. Benzoyl hydrazines are non-steroidal ecdysone 
agonists that cause such defects and some have been developed as insecticides. 
Third, the targeting of chitin dissolution via  chitinases   can be attempted. The latter 
strategy is still largely in development, using transgenic organisms expressing 
 chitinases  .  

10.4.2     Benzoylphenyl Ureas 

 Benzoylphenyureas (BPUs) were developed in the early 1970s from a serendipitous 
discovery made at Philips-Duphar in Holland during a routine assay of newly syn-
thesized compounds  inter alia  for insecticidal activity. Larvae treated with a BPU 
left on the bench showed delayed molting deformities resulting in mortality. This 
discovery led to the development of the fi rst commercially viable new class of 
insecticide,  difl ubenzuron   or by its commercial name Dimilin (Maas et al.  1981 ). 
This compound has to be ingested to be effective and manifests its effects at the time 
of molt where various degrees of deformities become apparent. Since the introduc-
tion of  difl ubenzuron  , a host of new  IGRs   that interfere with chitin synthesis have 
been developed by several agrochemical companies around the world. BPUs have a 
relatively narrow spectrum of activity affecting only species that have a chitinous 
 exoskeleton   and the material needs to be ingested to manifest its effects. This class 
of compounds has been extensively reviewed and in this chapter we will update the 
status of BPU development (Retnakaran et al .   1985 ; Cohen  1987 ; Wright and 
Retnakaran  1987 ; Dhadialla et al.  2005 ; Cohen  2010 ; Dhadialla et al.  2010 ; 
Matsumura  2010 ; Doucet and Retnakaran  2012 ; Sun et al.  2015 ). 
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10.4.2.1     Benzoylphenyl Urea Structures 

 BPUs consist of a urea bridge fl anked by a benzoyl group on one side and a phenyl 
group on the other. The two side groups have been modifi ed with diverse substitu-
ents resulting in an array of BPUs that show differential activity towards various 
species of insects (Doucet and Retnakaran  2012 ; Sun et al.  2015 ). A representative 
list of BPUs that have been commercialized is shown in Table  10.1 .

10.4.2.2        Physiological and Morphological Effects of Benzoylphenyl Ureas 

 BPUs adversely interfere with chitin synthesis in the insect cuticle and manifest 
their effects at the time of the molt. Molt deformities in the ultimate larval instar 
extend from being arrested at the onset of being mostly larval, to being almost pupal 
in appearance (Sundaramurthy and Santhanakrishnan  1979 ) (Fig.  10.4 ). The win-
dow of sensitivity to BPUs occurs in the early part of the stadium, but since these 
compounds are known for their persistence, this is therefore of little consequence. 
BPU treatment causes the appearance of an outer zone of normal lamellae located 
over a fi brous layer, with a transitional layer in between. BPUs also cause the pro-
gressive loss of apical plasma membrane microvilli through which the chitin fi brils 
are extruded. These microvilli are replaced by a smooth membrane (Retnakaran 
et al.  1989 ).  

10.4.2.3     Resistance to Benzoylphenylureas 

 Resistance can be manifested in many forms from behavioral avoidance, lack of 
penetration to metabolic resistance and target insensitivity, the latter two being more 
common. Lack of cuticular penetration is common for BPUs since they have to be 
ingested in order to be effective. Metabolic resistance is caused by the ability of the 
insect to metabolise the insecticide, notably by over expressing enzymes that can 
neutralize the compound. A  difl ubenzuron  -modifying hydrolase is over-expressed 
in the resistant forms of the red fl our beetle,   Tribolium castaneum    and the Egyptian 
cotton leaf worm,   Spodoptera littoralis    (Ishaaya  1993 ). In some cases, resistance is 
caused when the insecticide binds to an off-target receptor and is rendered ineffec-
tive or detoxifi ed. Some evidence for the involvement of membrane-bound ATP 
binding cassette transporters or  ABC transporters   (also called permeability glyco-
protein or PGP or Multi Drug Resistance) in the elimination of benzoylphenyl ureas 
has been presented (Li et al.  2013 ). The Australian sheep blowfl y,   Lucilia cuprina    
developed resistance to  difl ubenzuron   after repeated use to control fl y strikes and 
concomitently, developed cross-resistance to cyromazine which is an unrelated chi-
tin inhibitor (Levot and Sales  2004 ).  
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   Table 1    Representative selection of commercially important benzoylphenyl ureas   

 Name 
 Year 
introduced  Manufacturer  Comments 

 Difl ubenzuron  1972  Philips-Duphar  Effective on numerous Lepidopteran 
larvae but its effects on the Gypsy moth, 
 Lymantria dispar  and the Forest tent 
caterpillar,  Malacosoma disstria  are truly 
spectacular providing near complete 
control (Granett and Dunbar  1974 ; 
Retnakaran et al.  1976 ). 

 Flufenoxuron  1987  Shell International  Successfully used against many insects of 
public health concern and Lepidopteran 
larvae on fruits, vegetables and grains. It 
has been very effective on the mushroom 
sciarid fl y,  Lycoriella ingenua  (Erler et al. 
 2011 ). 

 Bistrifl uron  2000  Dongbu Hannong 
Chemical 

 Primarily used as a termiticide. Target 
species include the Formosan 
subterranean termite ( Coptotermes 
formosanus ) (Kubota et al.  2006 ), and the 
mound building termite,  Nasutitermes 
exitiosus  in south eastern Australia (Webb 
and Mcclintock  2015 ). 

 Chlorfl uazuron  1982  Ishihara Sangyo 
Kaisha 

 Chlorfl uazuron has been successfully 
tested on a wide variety of insect species 
including for termite baiting (Evans and 
Iqbal  2015 ). Found to be very active 
against the spruce budworm, 
 Choristoneura fumiferana  (Retnakaran 
 1982 ). 

 Lufenuron  1977  Lufenuron  The commercial formulation of 
Lufenuron, Match, has been tested on a 
variety of insect orders with good activity. 
It was tested on the fall armyworm, 
 Spodoptera frugiperda  along with 
entomopathogenic nematodes. It was 
found to be compatible with both 
 Heterorhabditis  and  Steinernema  species 
(Negrisoli et al.  2010 ). 

 Trifl umuron  1982  Bayer  Extensively tested on hemipteran, 
dipteran, coleopteran and lepidopteran 
pests. Prophylactic mosquito control with 
Trifl umuron against  Aedes aegypti,  to 
prevent the establishment of Dengue fever 
in Australia has been successful (Jacups 
et al.  2014 ). 

 Fluazuron  1990  Novartis  Used in controlling the cattle tick, 
 Rhipicephalus microplus  either by itself 
or with a combination with Ivermectin 
(Gomes et al.  2015 ). Useful in dusky 
footed wood rat baits for the control ticks 
and fl eas (Slowik et al.  2001 ). 

(continued)
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10.4.2.4     Environmental Effects 

 Two of the major environmental problems with BPUs are their persistence and non- 
target collateral damage. Persistence can be both an insecticidal boon and an envi-
ronmental problem. Non-target crustaceans that have a chitinous  exoskeleton  , not 
surprisingly, are sensitive to BPUs, but two factors mitigate their adverse effects, 
namely low solubility in water and rapid microbial degradation.  Lufenuron   dis-
played various degrees of effects on crustaceans in mesocosm ditches, affecting 
more severely the bivoltine and multivoltine species than the univoltine species 
(Brock et al.  2009 ).  Novaluron   had similar effects on non-target organisms but with 
judicious use regarding time and application the off-target effects can be minimised 
(Cutler and Scott-Dupree  2007 ).

10.4.2.5        Mode of Action of Benzoylphenyl Ureas 

 Chitin synthesis can be demonstrated by employing various techniques such as 
tracking the incorporation of  14 C or  3 H  N-acetyl glucosamine   precursors into the 
polymer, or by staining with fl uorescein-labelled wheat germ agglutinin that specifi -
cally binds with chitin (Retnakaran  1995 ). Using autoradiographic and histological 
methods it was established that BPUs inhibit chitin synthesis. However, the exact 

Table 10.1 (continued)

 Name 
 Year 
introduced  Manufacturer  Comments 

 Tefl ubenzuron  1982  Celamerck GmBh  Successfully used for controlling 
trichodinid parasites (fi sh lice) and other 
parasites of fi sh in fi sh farms, e.g. Tilapia 
( Oreochromis niloticus ), and Pacu 
( Piaractus mesopotamicus ) (Ikefuti et al. 
 2015 ). The copepod parasite 
 Lepeophtheirus salmonis  affecting 
salmon farms can also be effectively 
controlled with tefl ubenzuron (Branson et 
al.  2000 ). 

 Hexafl umuron  1984  Dow Elanco  Originally used for the control of the 
western subterranean termite, 
 Reticulitermes hesperus  (Haagsma and 
Rust 2005). Also used for controlling 
many Lepidopteran pests, notably the 
cotton bollworm,  Helicoverpa armigera  
(Darvishzadeh et al.  2014 ). 

 Novaluron  1990  Makkhteshim 
Agan Industries 

 Useful in controlling mosquitoes such as 
 Anopheles albimanus ,  Anopheles 
pseudopunctipennis ,  Aedes aegypti ,  Aedes 
albopictus  and  Culex quinquefasciatus  
(Arredondo-Jiménez and Valdez-Delgado 
 2006 ). Excellent control of subterranean 
termites in Texas (Keefer et al.  2015 ). 
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biochemical lesion where this happens has not been resolved unequivocally. One 
theory claims that polymerisation of  N-acetyl glucosamine   is catalysed by the epi-
dermal  chitin synthase   which is packaged in vesicles that harbor  sulfonylurea recep-
tors (SUR)  .  SUR   is an atypical member of a large group of  ABC transporters   that 
are ubiquitous and involved  inter alia  in transporting proteins across membranes 
(Burke et al.  2008 ). A classic role of  SUR   is in the exocytosis of insulin stored in 
vesicles inside β cells in the pancreas of mammals (Fig.  10.5 ). Upon entry of glu-
cose with the aid of the glucose transporter into the β cells, the ATP/ADP levels 
increase which shuts the K ATP  channel. Reduced K +  levels leads to the 

  Fig. 10.4    Morphogenetic effects of  difl ubenzuron   on the coconut black-headed caterpillar, 
 Nephantis serinopa  fed with treated coconut leafl ets. ( a ) Normal 6th instar larvae; ( b ) Normal 
pupae; ( c ), White pupae with degenerate proboscis; ( d ) Malformed pupae; ( e ) Pupae with larval 
heads; ( f ) Pupae with larval abdominal patch; ( g ) Abnormal pupae with extended wings; ( h ,  i ,  j ) 
Progressively worsening larval pupal intermediates (Sundaramurthy and Santhanakrishnan  1979 , 
with the kind permission of John Wiley and Sons.)       
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depolarization of cell membrane and opening the Ca ++  channel allowing the infl ux 
of Ca ++  ions into the β cell which facilitates the exocytosis of the vesicle releasing 
the insulin granules. When a person suffers from diabetes, among other things, the 
vesicles in the β cell are unable to exocytose to release insulin. However, if an anti-
diabetic drug such as the sulfonylurea glibenclamide is administered, it binds with 
the receptor,  SUR  , leading to the closure of the K +  ion channel, followed by mem-
brane depolarization, Ca ++  infl ux and exocytosis of the vesicles leading to the release 
of insulin. When this drug was administered to nymphs of the German cockroach, 
  Blattella germanica   , it blocked chitin synthesis and induced molt deformities simi-
lar to  difl ubenzuron  . Furthermore, in a competitive binding assay  3 H glibenclamide 
was found to bind to a  SUR   preparation, and could be displaced with  difl ubenzuron  , 
leading to the suggestion that the target of BPUs is likely  SUR   (Abo-Elghar et al. 
 2004 ; Matsumura  2010 ; Li et al.  2013 ). When a   Drosophila melanogaster    fruit fl y 
lacking in  SUR   was generated, it did not show any chitin deformity indicating that 
it is not essential for normal integumental chitin deposition (Meyer et al.  2013 ). In 
addition, RNAi-mediated knockdown of  SURs   in  T.    castaneum    did not reveal 
altered phenotypes when compared to control insects (Broehan et al.  2013 ), sug-
gesting that  SURs   may be not involved in BPU-mediated inhibition of chitin synthe-
sis (though BPUs may nonetheless bind to  SURs  ). Clarifying the role(s) of  SURs   

  Fig. 10.5    Glibenclamide, a sulfonylurea, upon binding to the sulfonylurea  receptor   (SUR1) 
results on the closure of the K ATP  channel (K ir 6.2) which depolarises the membrane and allows the 
infl ux of Ca ++  into the β cell resulting in the exocytosisof the vesicle releasing the insulin granules 
(Doucet and Retnakaran  2012 , with the kind permission of John Wiley and Sons.)       
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BPU metabolism can only be resolved with a better understanding of their functions 
in insects. (Fig.  10.6 ) (Doucet and Retnakaran  2012 ).

10.4.3         Benzoyl Hydrazines (Non-Steroidal Ecdysone Agonists) 

 Chitin synthesis and deposition take place at the onset of the molting process and 
continue until the appearance of the ecdysteroid peak, at which time the larva stops 
the synthetic process indicating that ecdysone either directly or indirectly down 
regulates chitin synthesis. The regulation of epidermal  chitin synthase   by 
 20-hydroxyecdysone (20E)   may not be direct but through other transcription factors 
although it is clear that chitin is synthesized during the absence of the molting hor-
mone and is not synthesized during its presence (Zhuo et al.  2014 ). Larvae treated 
with  20E   at the beginning of a stadium exhibit chitin synthesis inhibition (Palli and 
Retnakaran  1999 ). In 1988 Wing et al .  reported that a substituted benzoyl hydrazine 
developed by Rohm and Haas Company mimicked the effects of ecdysone and 

  Fig. 10.6    Hypothetical mode of actiion of  difl ubenzuron   (DFB) through the ABC  transporter  , 
sulfonylurea receptor (SUR)   , by interfering with the exocytosis of  chitin synthase (CHS)   of 
 Drosophila.  Normally the  CHS   vesicle binds with the plasma membrane where it initiates chitin 
synthesis and  SUR   which includes the K ATP  channel and maintains energy homeostasis within the 
cell. A, B, C, − the three main domains of  CHS  , B being the catalytic domain and the other two are 
transmembrane domains. CA, Catalytic area with the Walker motifs; ES, consensus sequence for 
chitin extrusion; Other consensus sequences are not shown (Based on Matsumura ( 2010 ); 
Merzendorfer ( 2006 ); Moussian ( 2010 )) (From Doucet and Retnakaran ( 2012 ), with the kind per-
mission of John Wiley and Sons.)       
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induced a precocious, albeit deformed, molt in the tobacco hornworm,   Manduca 
sexta   .

10.4.3.1       Benzoyl Hydrazine Structures 

 Benzoyl hydrazines, which are characterized by 2 moieties, a benzoyl group and a 
hydrazine group, have been extensively reviewed (Nakagawa  2005 ; Dhadialla et al. 
 2005 ,  2010 ; Smagghe et al.  2012 ). There are at present 5 benzoyl hydrazines of 
commercial importance and a 6th one that may be developed (Table  10.2 ). Although 
there have been attempts to synthesize other non-steroidal ecdysone agonists, only 
tetrahydroquinoline-substituted compounds were found to have insecticidal poten-
tial. Although their activity against the tobacco budworm,   Heliothis virescens    was 
relatively weak, they were all quite active against the yellow fever mosquito   Aedes 
aegypti    (Palli et al.  2005 ). Interestingly enough, in a cell-based recptor transactiva-
tion assay, one such substituent, RG 120768, worked only with the  A. aegypti  ecdy-
sone receptor (AaEcR) indicating that it is mosquito-specifi c. Some new diacyl 
hydrazines and acyl hydrazones with high ecdysone agonist activity have been 
reported recently and are being actively studied to evaluate their control potential 
(Sun and Zhou  2015 ).

10.4.3.2        Physiological and Morphological Effects of Benzoyl Hydrazines 

 Ingestion of a benzoyl hydrazine ecdysone agonist by a larva induces a precocious 
incomplete molt and lethality. The newly formed cuticle is membranous and 
unsclerotized. The old cuticle is separated from the new one and appears as a loose 
shroud (Fig.  10.7 ) (Wing et al.  1988 ; Retnakaran et al.  2001 ;  2003 ). Upon ingestion 
of the ecdysone agonist the larva stops feeding and enters into the molting phase 
that is incomplete. The larva remains in a moribund state and eventually dies of 
starvation and desiccation. The newly-synthesized cuticle is wrinkled and the head 
capsule is buckled with the mandibles misaligned (Fig.  10.8 ) (Retnakaran et al. 
 1997a ). Chitin synthesis occurs during the early part of the larval stadium prior to 
the appearance of the ecdysone peak (Fig.  10.9 ). When an ecdysone agonist is pro-
vided during the early part of the stadium, chitin synthesis is turned off, but the 
molting process is initiated as seen in the morphological changes illustrated in Fig. 
 10.10 .  Apolysis   is followed by secretion of ecdysial droplets and dissolution of the 
cuticle, but the new cuticle lacks the characteristic lamellate structure (Retnakaran 
et al.  1997a ).
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   Table 10.2    Non-steroidal benzoylhydrazines ecdysone agonists used in pest control   

 Structure  Name  Manufacturer  Comments 

      

  RH- 5849    Rohm & Haas  First benzoylhydrazine for which the 
ecdysone-mimicking activity was 
characterized.  RH-5849   caused 
changes in the morphology and 
biochemistry of a  Drosophila  cell 
line with the formation of cellular 
processes and the induction of acetyl 
cholinesterase. The compound also 
competed with  3 H-ponasterone for 
the receptor binding sites (Wing 
 1988 ). 

      

  Tebufenozide    Rohm & Haas  Particularly effective on lepidopteran 
larvae (Retnakaran et al.  1997a ; 
Smagghe and Degheele  1994 ; 
Smagghe et al.  2012 ). The 
formulated product Mimic® has 
been used to control forest insect 
pests. Another formulation, 
Confi rm®, has been used 
successfully on cotton insects such 
as the beet army worm,   Spodoptera 
exigua    (Walton et al.  1995 ). 

      

  Methoxyfenozide    Rohm & Haas  Several times more active than 
 tebufenozide   especially on 
lepidopteran larvae (Carlson et al. 
 2001 ; Ishaaya et al.  1995 ). It is very 
effective against the cotton 
bollworm,   Helicoverpa  armigera   and 
the Oriental leaf worm,   Spodoptera 
litura    (Saber et al.  2013 ; Rehan and 
Freed  2015 ). 

      

  Halofenozide    Rohm & Haas  Active on various insects, but has a 
propensity to be more effective on 
coleopterans (Soin et al.  2009 ). It has 
been particularly successful in 
controlling turf insects such as the 
Japanese beetle,  Popillia japonica  
(Cowles and Villani  1996 ). Studies 
on the Colorado potato beetle, 
 Leptinotarsa decemlineata  suggests 
that one of the reasons for the 
success of  halofenozide   on 
coleopterans could be because of 
retention of the compound due to 
low excretion (Farinós et al.  1999 ). 

(continued)
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10.4.3.3         Mode of Action of Benzoyl Hydrazines 

 The mode of action of benzoyl hydrazines has been well characterized and studied 
in detail in the tobacco hornworm   Manduca sexta   . Ingestion of  tebufenozide   by a 
larva is followed by its binding to the cytosolic  20E   receptors  EcR   and USP. After 
transfer into the nucleus, the complex of benzoyl hydrazine and  EcR  /USP heterodi-
mer attaches itself to ecdysone response elements (ERE) located upstream of molt-
ing genes, activating a sequence of transcription factors in a pattern initially 
undistinguishable from the natural hormone. The transcription factors involved in 
molting include  FTZ-F1  , which is expressed at the end of the ecdysteroid peak and 
induced by  HR3  , which in turn is induced by the ecdysteroid (Cruz et al.  2008 : 
Mane-Padros et al.  2012 ). The difference between the action of  20E   and benzoyl 
hydrazine agonists becomes readily apparent during the second phase of the ecdys-
teroid peak, when levels of the hormone are dropping. Chitin synthesis occurs at a 
rapid pace as soon as the insect ecdyses into the next instar and is completed at the 
appearance of the ecdysteroid peak (Fig.  10.9 ). 

 When three well-characterized genes from  M.    sexta    were used to study the effect 
of  tebufenozide  , the molecular mode of action became apparent. Each gene is dif-
ferentially regulated by  20E  .  MHR3  ( Manduca  hormone receptor 3) is expressed in 
the epidermis when exposed to  20E  ,  LCP14  (Larval cuticular protein 14 kD) is 
expressed in the absence of  20E   and fi nally  DDC  (dopa  decarboxylase  ) is expressed 
after exposure followed by removal of  20E   (transient exposure). When exposed to 
 tebufenozide  ,  MHR3  is expressed, but both  LCP14  and   DDC    are repressed, in 
 contrast to events following exposure to  20E  . Attempts to rinse the  integument   prep-
arations and remove the  tebufenozide   failed to restore normal expression patterns, 
indicating that it was tightly bound to the receptor. Treatment with  tebufenozide  , 
therefore, initiates the molting process, but does not allow it to continue to its logi-

 Structure  Name  Manufacturer  Comments 

      

  Chromafenozide    Nippon 
Kayaku Co and 
Sankyo Co 

 Potent control agent against 
lepidopteran pests and almost 
non-toxic to non-lepidopterans 
(Yanagi et al.  2006 ). It is just as 
active on lepidopterans as the other 
strong contender,  methoxyfenozide   
(Mosallanejad et al.  2008 ). 

      

  KU- 106    N/A  Identifi ed in a   Bombyx mori    cell line 
based screening system of ecdysone 
agonists. Displayed activity against 
the malarial mosquito,  Anopheles 
gambiae  (Morou et al.  2013 ). 

Table 10.2 (continued)
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  Fig. 10.7    Phenotypic effects 48 h after feeding on 100 ng of RH-5992 ( tebufenozide  ) to a 5th 
instar spruce budworm (  Choristoneura fumiferana   ) along with an untreated control (larva on top). 
The loose head capsule was removed to reveal the the untanned head capsule.  Apolysis   and diges-
tion of the old cuticle has resulted in the separation of the old cuticle and the larva appears pharate 
with the old cuticular shell enclosing the larva with a new cuticle. The untreated control (larva on 
top) has molted into a normal 6th instar (Retnakaran et al.  2003 )       

  Fig. 10.8    Scanning electron micrograph of the lateral view of the head capsules of untreated and 
RH-5992 ( tebufenozide  ) treated spruce budworm (  Choristoneura fumiferana   ) larvae. The untreated 
5th instar has molted into a normal 6th instar whereas the treated 5th instar wentthrough an incom-
plete molt and the loose head capsule was removed to show the malformed new head capsule 
which is membranous and buckled. The mandibles are lopsided and non-functional (Retnakaran 
et al.  1997b )       
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  Fig. 10.10    Transmission electron micrographs of RH-5992 ( tebufenozide  ) treated 6th instar lar-
vae of the spruce budworm,   Choristoneura fumiferana   . ( a ) 4 h post treatment showing putative 
ecdysial droplets; ( b ) 16 h post treatment showing separation of old cuticle with ecdysial space 
fi lled with fi brous material instead of chitinous endocuticular lamellae.  cv  coated vesicle,  ed  ecdys-
ial droplets,  es  ecdysial space (Retnakaran et al.  1997b )       

  Fig. 10.9    Chitin synthesis profi le ( blue ) superimposed on the ecdysone titer during the molting 
cycle in   Manduca sexta   .  20E  , 20 hydroxy ecdysone;   CHS     chitin synthase  ,  ECR  ecdysone receptor, 
 ERE  ecdysone response element,   FTZ-F1    Fushi tarazu transcription factor1,   HR3    hormone recep-
tor3;  USP  ultraspiracle (Based on Bollenbacher et al. ( 1981 ); Cruz et al. ( 2008 ); Li et al. ( 2015 ); 
Mame-Padros (2012); Retnakaran et al. ( 1989 ); Riddiford et al. ( 2003 )). With the kind permission 
of Elsevier Ltd. See text for details       
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cal conclusion and instead molting comes to a halt. This mechanism of action is 
consistent with the carryover effects from one instar to the next as documented in 
the eastern spruce budworm,   Choristoneura fumiferana    (Kothapalli et al.  1995 ; 
Palli et al.  1995 ; Retnakaran et al.  1995 ,  2007b ,  2001 ; Cadogan et al.  2002 ; 
Retnakaran et al.  2003 ). The binding affi nities of the different ecdysone agonists to 
the  EcR  /USP receptor largely determine their biological activities (Minakuchi et al. 
 2003 ).

10.4.4          Etoxazole, Hexythiazox and Clofentazine 

  Etoxazole   belongs to the family of 2,4-diphenyl-1,3-oxazoline compounds. 
Launched commercially in 1998, it represented the culmination of efforts by 
Yashima Chemical Industry to develop new acaricidal and insecticidal chemistries 
based on heterocyclic structures containing endocyclic oxygen and nitrogen atoms, 
compounds known in nature as highly bioactive (Suzuki et al.  2002 ). Among the 
series of substituted compounds from this study, 1-[2-(2,6-difl uorophenyl)-1,3- 
oxazolin- 4-yl]-2-ethoxy-4-tent-butylbenzene ( etoxazole  , Fig.  10.11a ) behaved both 
as an excellent acaricide against two-spotted spider mite (  Tetranychus urticae   ) eggs, 
larvae and nymphs, and as a promising insecticide for controlling green rice leaf-
hoppers, diamondback moth (  Plutella xylostella   ) larvae and green peach aphids 
(  Myzus persicae   ). 

 The discoverers of  etoxazole   noted early on that its acaricidal and insecticidal 
activity was reminiscent of benzoylphenylureas by preventing molting. Later,  in 
vivo  experiments using fall armyworm (  Spodoptera frugiperda   ) larvae confi rmed 
that it inhibited chitin synthesis. Fifth instar larvae treated with  etoxazole   displayed 
incomplete  ecdysis   as evidenced by double head-capsules, and treated sixth-instar 
larvae showed lower integumental chitin content compared to controls (Nauen and 
Smagghe  2006 ). Incorporation of radiolabeled N-acetylglucosamine into chitin 
chains during cuticle formation was likewise decreased in a dose-dependent fash-
ion, although  etoxazole   potency in this regard was much lower (40X) than the BPU 
 trifl umuron  . 

 The exact target site of  etoxazole   remained elusive until a recent breakthrough 
was achieved by genetically mapping  etoxazole   resistance found in certain popula-
tions of  T.    urticae   . Using bulk segregant analysis (BSA) and Illumina genome 
sequencing, Van Leeuwen et al .  ( 2012 ) were able to map the resistance to a single 
DNA lesion affecting the chitin synthase 1 locus ( CHS1 ). The  CHS1  allele confer-
ring resistance presents an isoleucine-to-phenylalanine substitution at position 
1017, toward the C-terminus of the protein. The change in amino acid residue 
affects the fi fth transmembrane domain of a 5-transmembrane segment (called 
5TMS), a region highly conserved between insect and mite  chitin synthases   which 
is thought to be involved in pore formation and the extrusion of nascent chitin fi bers. 
The exact mechanism by which this mutation confers  etoxazole   resistance in  T.  
  urticae    is still a matter of conjecture, but the bulkiness of the phenylalanine residue 
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may block access to  etoxazole   without affecting CHS1 catalytic activity 
(Merzendorfer  2013 ). 

 The market need for oxazoline compounds with higher potency against insects, 
and the desire to address resistance in spider mites have fostered the development of 
several new etoxazole-based leads. The engineering of these new variants was 
inspired in part from the interpretation of quantitative structure activity relationship 
(QSAR) data accumulated on BPUs over the years. BPUs, like  etoxazole  , possess a 
difl uorophenyl moiety which is key for activity. Thus, the most promising oxazoline 
candidates also all share the same 2,6-difl uorophenyl at the 2-phenyl moieties, as 
modifi cation of this structure is deleterious to miticidal activity. In contrast, the 
4-phenyl moiety was found to be more amenable to modifi cation and several deriva-
tives have been generated recently (Fig.  10.11b–d ). The presence of electron- 
withdrawing groups in this moiety was shown initially by Suzuki et al .  ( 2006 ) to 
favor ovicidal and acaricidal activity. Liu et al .  ( 2013 ) produced a suite of 4-phenyl 
variants, combining a phenoxy- or alkoxy- group at the  para  position along with 
with Cl-, methyl- or ethoxy- groups at the  meta-  and/or  ortho- position. The com-
pound in Fig.  10.11b  was retained as a the best candidate among 25, with activities 
against spider mites and insects equivalent to  etoxazole   (100 % mortality at doses of 
2.5 mg/L against  T.    cinnabarinus   , and 65 and 93 % mortality at 12.5 mg/L when 
tested on beet armyworm and diamondback moth). Inspired by these results, the 

  Fig. 10.11    Chemical structure of  etoxazole   (1-[2-(2,6-difl uorophenyl)-1,3-oxazolin-4-yl]-2- 
ethoxy- 4-tent-butylbenzene) ( a ) and three novel analogs. The 2-phenyl and 4-phenyl moieties of 
 etoxazole   are shaded; ( b ) 2-(2,6-difl uorophenyl)-4-(2-Cl-4-(4-Cl-phenoxy) phenyl)-1,3-oxazoline 
(Liu et al .   2013 ); ( c ) 2-(trifl uoromethyl)benzaldehyde O-(4-(2-(2,6-difl uorophenyl)-4,5- 
dihydrooxazol- 4-yl) benzyl) oxime (Li et al.  2014 ); ( d ) 4-(4-((Benzo[d]thiazol-2-ylthio) methyl) 
phenyl)-2-(2,6-difl uorophenyl)-4,5-dihydrooxazole (Yu et al .   2015 )       
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same team designed further variants containing 4-phenyl oxime ether subtituents 
based on the presence of a similar oxime ether group present in the BPU fl ucycloxu-
ron (Li et al.  2014 ). The best compound of this category (Fig.  10.11c ) surpassed 
 etoxazole   in toxicity, being able to kill 100 % of the Carmine mite,  T.    cinnabarinus    
eggs and larvae at the lowest concentration tested (0.0001 mg/L) while  etoxazole   
itself was ineffective at the same dose. Field trials conducted in 2013 in various 
regions in China have confi rmed its potential as an  etoxazole   alternative for the 
control of the citrus red mite   Panonychus citri    or   Tetranychus cinnabarinus   . Lastly, 
oxazolines bearing sulfer ether moieties localized at the  para - position of the 
4- phenyl group were synthesized by Yu et al .  ( 2015 ). Among 23 compounds, the 
one represented in Fig.  10.11d  displayed excellent acaricidal activity in the lab ( T.  
  cinnabarinus    egg LC 50  0.0003 ± 0.0001 vs. 0.0089 ± 0.0028 for  etoxazole  ), but 
showed less activity than  etoxazole   against mosquitoes and the rice ear-cutting cat-
erpillar   Mythimna separata   . Field trials of this new compound against the Broad 
mite,   Polyphagotarsonemus latus    and  T.    cinnabarinus    on eggplant revealed that it 
performed better than  etoxazole  , when used at 22 kg/ha, and might prove useful in 
mite management on multiple other crops.

    Hexythiazox   is an acaricide of the thiazolidinone family of compounds. 
Developed in the early 1980s by Nippon Soda, it was found to inhibit larval mite 
growth and is also active against eggs and nymphs. It has seen widespread use 
against several species of spider mites infesting fruit and vegetable crops (Sheets 
et al.  2012 ).  Hexythiazox   is long-lasting in the fi eld and is also compatible with 
integrated pest management due to its low impact on non-targets such as predatory 
mites (Bower  1990 ; Blümel and Gross  2001 ; Kaplan et al.  2012 ). Subsequent efforts 
at developing novel  hexythiazox   derivatives failed to improve on the miticidal activ-
ity of the original compound (Novak et al.  1997 ). 

 Clofentezine and difl ovidazin are tetrazine compounds that inhibit mite growth. 
Clofentezine chemical structure presents symmetrical phenyl groups (3,6-bis(2- 
Chlorophenyl)-1,2,4,5-tetrazine), while difl ovidazine is an asymmetrical derivative 
(3-(2-Chlorophenyl)-6-(2,6-difl uorphenyl)-1,2,4,5-tetrazine).  Clofentazine   displays 
much of the same properties as  hexythiazox   in the fi eld with long-lasting miticidal 
effects after application and negligible impact on non-target arthropods (Sheets 
et al.  2012 ; Merzendorfer  2013 ). 

 Resistance to both  hexythiazox   and clofentezine was reported a few years after 
their introduction, and the existence of cross-resistance between the two compounds 
was observed in  P. ulmi  and  T.    urticae    (Thwaite  1991 ; Herron et al.  1993 ; Pree et al. 
 2002 ). Recently, Demaeght et al .  ( 2014 ) were able to pinpoint the genetic basis of 
 hexythiazox   and clofentezine resistance in a strain of  T.    urticae    (HexR) that is also 
resistant to exotazole. Strikingly, HexR exhibits the same I1017F amino acid substi-
tution mentioned above, that is present in four other etoxazole-resistant  T.    urticae    
collected in geographically diverse locations. These results provide evidence that 
despite their structural differences,  etoxazole  ,  hexythiazox   and  clofentazine   share 
the same mode of action.  
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10.4.5     Other Synthetic Chitin Synthesis Inhibitors 

 Compounds based on the thiadiazine hetrocyclic scaffold have seen applications as 
antifungal and antiparasitic drugs, but  buprofezin   is the only member of that class 
that has been commercialized as an insecticide (Rodríguez et al.  2012 ; Merzendorfer 
 2013 ).  Buprofezin   is effective against plant sucking insect pests such as planthop-
pers (Delphacidae e.g. the brown planthopper   Nilaparvata lugens   , the white-backed 
planthopper   Sogatella furcifera   ), leafhoppers (Cicadellidae e.g. the green rice leaf-
hopper   Nephotettix virescens   ), whitefl ies (Aleyrodidae e.g. the sweet potato white-
fl y   Bemisia tabaci   ) and mealybugs (Pseudococcidae e.g.,   Pseudococcus  sp.  ) 
(Heinrichs et al.  1984 ; Darvas  1997 ; Sheets et al.  2012 ). The target site of  bupro-
fezin   remains unknown. Izawa et al .  ( 1985 ) demonstrated that it prevents the poly-
merisation of N-acetyl-D-[1- 3 H] glucosamine monomers into chitin in the brown 
planthopper  N.    lugens    .  Later, De Cock and Degheele ( 1991 ;  1993 ) performed 
detailed observations on the cuticular structure of the greenhouse whitefl y 
  Trialeurodes vaporariorum    treated with  buprofezin  .  Buprofezin   treatment of larvae 
caused thinner pharate procuticle and its impact appears limited to post-apolysial 
cuticle. Interestingly, ultrastructural effects on the epidermal cells themselves were 
observed after  buprofezin   treatment (e.g. hypertrophied mitochondria) which led 
the authors to conclude that the compound may have pleiotropic effects on the epi-
dermal tissue. 

 Multiple instances of resistance to  buprofezin   have been recorded, particularly in 
 S.    furcifera    and  B.    tabaci    (Arthropod Pesticide Resistance Database,   http://www.
pesticideresistance.org    , accessed Jan. 2016). In the small brown planthopper 
  Laodelphax striatellus   ,  buprofezin   resistance exhibited by the YN-BPF strain is 
dependent in part on detoxifi cation by the  cytochrome P450   gene  CYP6CW1 . 
Furthermore, reduction of NADPH-cytochrome P450 reductase (CPR) transcript 
levels by RNAi-mediated knockdown triggers a much more elevated mortality by 
 buprofezin   in the resistant strain than in the susceptible strain, confi rming the key 
role of the P450-mediated detoxifi cation system against this compound (Zhang 
et al.  2012 ,  2016 ). 

  Captan   is a thiophtalamide that is widely used as a broad-spectrum fungicide. It 
is chiefl y a non-specifi c compound that reacts with cellular thiols groups, but it is 
also able to inhibit the activity of insect  chitin synthase   in cell-free systems (Cohen 
and Casida  1982 ; Merzendorfer  2013 ).  

10.4.6     Chitin Synthesis Inhibitors from Natural Sources 

 Compounds interfering with chitin synthesis have been isolated from natural 
sources.  Polyoxins   and nikkomycins are peptidyl nucleosides that display good  chi-
tin synthase   inhibition  in vitro , particularly against those of fungi.  Polyoxins   were 
purifi ed in the 1960s from the fungus   Streptomyces cacaoi  var.  asoensis   , while 
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nikkomycin was isolated from   Streptomyces tendae    (Jackson et al.  2013 ). These 
molecules bear a structural resemblance to UDP-GlcNAc and therefore act as com-
petitive inhibitors in the synthesis of the chitin polymer. However, due to their 
charged nature and their poor transport across cell membrane, very few have been 
developed as agriculturally relevant fungicides and none are used against insects or 
mites (Merzendorfer  2013 ).  Polyoxins   A, B and D have received some attention in 
terms of their chitin-synthesis inhibition properties in insects. Polyoxin A inhibits 
cuticle deposition in grasshopper nymphs (Vardanis  1978 ). A similar effect was 
observed with polyoxin D in sheep blowfl y larvae (Binnington  1985 ), and Cohen 
and Casida ( 1980 ) reported that polyoxin D can inhibit  chitin synthase   activity from 
cell-free larval guts of   Tribolium castaneum   . Arakawa et al .  ( 2008 ) tested the insec-
ticidal activity of polyoxin AL, a fungicide with a high content of polyoxin 
B. Ingestion of polyoxin AL was toxic to larvae of the Oriental leafworm   Spodoptera 
litura   ,   Mythimna separata   , and the cabbage moth   Mamestra brassicae   , but larvae of 
the silkmoth  B.    mori    were unaffected. The basis for this selective effect is unkwown, 
but could be interesting to study further for controlling lepidopteran pests affecting 
sericulture.  Nikkomycin Z   has been widely used to study  chitin synthase   activity 
and chitin metabolism in model insect systems (Gangishetti et al.  2009 ; Chaudhari 
et al.  2011 ). However, it has not been developed commercially to control pest 
species.   

10.5     Interfering with Chitin Formation and Degradation 

 As mentioned before, chitin is synthesized during the fi rst half of the larval stadium 
prior to the ecdysone peak and degradation starts once ecdysone is secreted. The 
polymerising enzyme, chitin synthase 1 is secreted in the epidermis and chitin syn-
thase 2 is involved in the synthesis of chitin in the peritrophic  membrane   by the 
midgut (Merzendorfer  2006 ; Shirk et al.  2015 ). We have so far examined the inhibi-
tion of various matrices of the cuticle by interfering with the biosynthetic process at 
the receptor or gene expression level. We will now examine the possibility of 
directly interfering with either  chitin synthase   or chitinase. 

10.5.1     Inhibition of Chitin Synthase A in the Epidermis 

 RNAi (RNA interference)    is a recent development where a naturally occurring gene 
silencing process used for inactivating deleterious DNA sequences arising from 
virus infections or transposons or during development, has been developed for 
sequence specifi c gene silencing (Kola et al.  2015 ).  RNAi   against  chitin synthase   is 
exemplifi ed by experiments performed by Chen et al. ( 2008 ) on the chitin synthase 
gene ( SeCHSA ) from the beet armyworm (  Spodoptera exigua   ). Injecting larvae with 
18–25 bp siRNA fragments specifi c to  SeCHSA  resulted in either failure to molt or 
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molting into small larvae that failed to pupate. When larvae of  T.    castaneum   , were 
injected with dsRNAs specifi c to  TcCHS1 ,  chitin synthase   transcripts were success-
fully silenced.  TcCHS1  has two splice variants, 8a and 8b, the former being required 
for both larval-pupal and pupal-adult molts, whereas the latter is required only for 
the pupal-adult molt (Arakane et al.  2005 ). In order to utilize dsRNA molecules for 
control, they must be appropriately formulated to resist environmental degradation, 
and must enter the insect either by topical application or oral administration. In  A.  
  aegypti   , dsRNA specifi c to the chitin synthase 1 gene were shown to enter the larvae 
by soaking them in water containing the dsRNA. Gene silencing was achieved, as 
larvae showmolt deformities (Singh et al.  2013 ). The obvious major advantage of 
the  RNAi   approach is in the development of highly pest-specifi c control with little 
or no collateral damage. Oral delivery of dsRNA and siRNAs was also elegantly 
demonstrated in the potato psyllid,   Bactericerca cockerelli    (Wuriyanghan et al. 
 2011 ).  

10.5.2     Chitinases and Inhibition of Chitin Degradation 

  Chitinolytic enzymes are responsible for the depolymerisation of chitin and are 
widespread in nature (Patil et al.  2000 ). They have been recruited in many instances 
of the coevolutionary arms race between insects and their pathogenic microorgan-
isms, to allow penetration of the insect chitin barrier. Plants also synthesize  chitin-
ases  , mainly to combat fungal infection, but some are known to be produced in 
response to insect damage (Kolosova et al.  2014 ). 

 The degradation of insect chitin in an untimely fashion or in the wrong organ or 
structure has long been thought as a viable strategy for insect control. Chitin present 
in the  peritrophic membrane (PM)   appears the most vulnerable to attack, and 
chitinase- expressing transgenic organisms have been developed for this purpose. 
Transgenic plants expressing fungal chitinases, alone or in “stacked” confi guration 
with other insecticidal proteins have been engineered, with varying effects on insect 
herbivory (Amian et al.  2011 ; Vihervuori et al.  2013 ; Chen et al.  2014 ). Chitinases 
from insect baculoviruses serve largely to rupture the epidermal cuticle for the 
release of occlusion bodies after host liquefaction. However, the chitinase A protein 
from   Autographa californica  multicapsid nucleopolyhedrovirus (AcMNPV)   has 
gut permeating activity in the tobacco budworm   Heliothis virescens     PM  , which 
makes possible its use to synergize the activity of other ingested biopesticides 
(Fiandra et al.  2010 ). Several bacterial entomopathogens are also producers of chi-
tinases, and must likewise be ingested to produce insecticidal effects (Aggarwal 
et al.  2015 ). However, the Gram-negative bacteria   Aeromonas dhkanesis  3K1C15   
appears to be an exception, in that it secretes a cocktail of chitinases that is able to 
directly degrade chitin present in the eggs of chironomid fl ies (Laviad et al.  2016 ). 

 Fungal pathogens of arthropods for their part routinely bypass the oral route to 
successfully infect their hosts. They are therefore equipped with a battery of hydro-
lases, including powerful chitinases that can breach the thick and challenging  exo-
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skeleton   (St Leger and Wang  2010 ; Agrawal et al.  2015 ). The entomofungal 
pathogen  Metharizhium    anisopliae    encodes 24 genes of the glycosyl hydrolase 18 
family, of which chitinases are members (Junges et al.  2014 ). Two of these chitin-
ases (ChiMaB1 and ChiMaB2) are associated with host colonisation, as their genetic 
deletion affects virulence toward insect hosts (Boldo et al.  2009 ; Staats et al.  2013 ). 

 Attempts to increase the virulence of fungal entomopathogens by altering chitin-
ase expression have been made, particularly with  B.    bassiana   . The  B.    bassiana    chi-
tinase Bbchit1 has a catalytic domain, but lacks a  chitin-binding domain  . The 
addition of a  chitin-binding domain   from the  B.    mori    chitinase to Bbchit1 was found 
to increase the virulence of  B.    bassiana    expressing the fusion construct (Fan et al. 
 2007 ). Constitutive expression in  B.    bassiana    of a fusion transgene combining 
Bbchit1 with the cuticle-degrading protease virulence factor CDEP1 resulted in 
even better insecticidal properties compared to wild-type or to transgenic fungi 
overexpressing Bbchit1 (Fang et al.  2009 ). 

 The inhibition of insect chitinase activity with chemical compounds has been 
attempted. The compounds tested include  allosamidin  ,  argadin  ,  argifi n  ,  psammaplin   
and  pentoxifyllin  . The best characterized chemical remains  allosamidin  , a pseudo 
trisaccharide isolated from   Streptomyces  sp.   and which structure consists of 
2- acetamido-2-deoxy-D-allose (N-acetyl-D-allosamine) and an allosamizoline 
(Sakuda et al.  1986 ).  Allosamidin   was found to inhibit larval-larval  ecdysis   when 
injected in the moth  B.    mori    and  M    separata   . In the latter species,  allosamidin   was 
also effective at blocking larval pupal  ecdysis   (Sakuda et al.  1987 ). Blattner et al .  
( 1997 ) synthesized eight  allosamidin   analogs, and established that the spatial con-
fi guration of the cyclitol unit attached to the dissacharide is key for activity. 

  Argadin   and  Argifi n   are cyclic pentapeptides isolated from cultures of the soil 
fungi   Clonostachys  sp. FO-7314   and   Gliocladium  sp. FTD-0668  , respectively. Both 
compounds were found to be ca. 9 times less active than  allosamidin   in a  L.    cuprina    
chitinase inhibition assay conducted at 20 °C (Hirose et al.  2010 ). Both compounds 
were also active  in vivo  when injected into American cockroach nymphs. Injection 
of 20 μg of either compound resulted in 60 % ( argadin  ) or 73 % ( argifi n  ) mortality, 
with nymphs displaying a new cuticle, but unable to shed the old one. These results 
are consistent with an inhibition of chitinases at a critical juncture of the molting 
cycle. 

 Psammaplin A is a brominated tyrosine derivative isolated during an antibiotic 
screening program, and later shown to have anti-chitinolyitc activity in assays of 
crude  Bacillus  chitinase extracts (Tabudravu et al.  2002 ). Like  allosamidin  , psam-
maplin A interacts with the chitinase active site. Psammaplin A has been tested via 
ingestion and found to be toxic to the eastern subterannean termite   Reticulitermes 
fl avipes   , and  M.    persicae    (Saguez et al.  2006 ; Husen and Kamble  2013 ). 

  Pentoxifyllin   is a 1,3-dimethylxanthine that was identifi ed in a screen of 
 Aspergillus fumigatus  chitinase inhibitors (Rao et al.  2005 ).  Pentoxifyllin   is a com-
petitive inhibitor, and has shown activity against  R.    fl avipes   , but acts more slowly on 
this species than other chitin synthesis insecticides such as benzoylphenylureas 
(Husen and Kamble  2013 ). 
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 The activity of insect chitinases can also be reduced  in vivo  by knocking down 
their transcripts with double-stranded RNA molecules. The injection of sequence 
specifi c dsRNAs was used by Zhu et al .  ( 2008 ) to tease apart the functions of 10 out 
of 23 chitinase genes present in  T.    castaneum   . Only two of the tested gene targets, 
 TcCHT10  and  TcCHT5  were inferred to have a role in the catabolism of cuticular 
chitin, with  TcCHT10  required for all molts (larval, pupal and adult) while  TcCHT5  
was only critical for adult eclosion. The dsRNA tested on the other chitinases pro-
voked localized effects or did not lead to visible phenotypes. 

 The translation of  RNAi   technology from the bench to the fi eld to control pest 
species is an active area of research, in part because of the implied superior environ-
mental safety of dsRNA compared to conventional chemical pesticides. The con-
cepts and technical considerations surrounding the use of  RNAi   in pest control have 
been addressed elsewhere (Scott et al.  2013 ; Yu et al.  2013 ; Kim et al.  2015 ), but 
published data on the targeting of chitinases is so far limited. Expression of the 
European corn borer   Ostrinia nubilalis    larval gut chitinase gene  Oncht  was targeted 
by including Oncht-specifi c dsRNAs in the artifi cial diet. Hatchlings fed this dsRNA 
reached a lower weight than control larvae and presented higher peritrophic 
  membrane   chitin content, implying that  Oncht  plays a crucial role in  PM   chitin 
degradation (Khajuria et al.  2010 ). More recently, Mamta et al. ( 2016 ) engineered 
transgenic tobacco and tomato plants expressing a dsRNA hairpin encoding 144 bp 
of the cotton bollworm,   Helicoverpa armigera    chitinase I gene ( HaCHI ). Some of 
the transformed lines caused a signifi cant reduction in  H.    armigera    larvae survival, 
longer larval development time and lower larval weight up to 16 days of continuous 
feeding. A high percentage of larvae feeding on lines expressing elevated  HaCHI - 
dsRNA could not complete development and were arrested as pupal-adult interme-
diates. These results strongly suggest that chitin content of the epidermis is affected 
by  HaCHI -dsRNA .   

10.6     The Exocuticle 

  The  exocuticle   is the outer layer of the procuticle which under  electron microcopy   
appears darker than the inner  endocuticle  , and also exhibits a distinct lamellar struc-
ture (Moussian  2010 ). The electron-dense appearance of the exocuticle is due to its 
higher degree of  sclerotization  , the process by which chitin and cuticular proteins 
become covalently cross-linked by their reaction with phenolic compounds. 
 Sclerotization   is often accompanied by melanisation (darkening) and both processes 
were reviewed by Andersen ( 2010 ,  2012 ) and are comprehensively reviewed in 
Chap.   6     of this book. Briefl y,  sclerotization   begins with the synthesis of the cate-
chols   N -acetyldopamine (NADA)   and   N -β-alanyldopamine (NBAD)   in epidermal 
cells. Both  NADA   and  NBAD   are generated fi rst by the conversion of tyrosine into 
dopa by the enzyme tyrosine hydroxylase. Dopa is further converted to dopamine 
by the dopa-decarboxylase enzyme. Dopamine can then be converted into  NADA   
by  N -acetylation, or into  NBAD   by  N-β- alanylation (Andersen  2010 ).  NADA   and 
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 NBAD   are actively traffi cked from the epidermal cells to the cuticle, and through 
the successive action of multiple enzymes (i.e. laccase, ortho-quinone isomerase, 
quinone methide tautomerase) the cross-linking of cuticular matrices via nucleo-
philic reactions is facilitated. 

 As an essential step of the molting cycle,  sclerotization   is conceptually an attrac-
tive process to misregulate to ultimately kill insects. However, no active ingredient 
currently in use specifi cally targets  sclerotization   enzymes or the transport of pre-
cursors from epidermal cells. Cyromazine ( N -Cyclopropyl-1,3,5-triazine-2,4,6- 
triamine) is a triazine compound that was hypothesised early on to target 
 sclerotization   due to its phenotypic effects on dipteran and lepidopteran pupae, 
which become elongated in shape after treatment (Binnington  1985 ; Reynolds and 
Blakey  1989 ).  M.    sexta    larvae treated with cyromazine exhibit weaker extensibility 
(more rigidity) of the body wall cuticle, resulting in internal pressure buildup and 
rupturing of the cuticle (Reynolds and Blakey  1989 ). Cyromazine neither affect 
chitin synthesis, nor does it change the electrophoretic pattern of cuticular proteins 
or tyrosine pools, indicating that the essential building blocks of the exocuticle are 
unaffected (Kotze and Reynolds  1991 ; Bel et al.  2000 ). Working with  D.  
   melanogaster   , where under certain exposure regimes cyromazine shortened the 
time to adult emergence, Van De Wouw et al .  ( 2006 ) proposed that the compound 
interferes with  20E  . A more solid identifi cation of the target was accomplished by 
the positional cloning of a cyromazine resistance gene in  D.    melanogaster    (Chen 
et al.  2006 ). The gene encodes a phosphatidylinositol 3-kinase-related kinase 
(PIKKs), which could be involved in DNA metabolism. Treatment of fl ies with a 
dsRNA engineered against this gene caused the fl ies to become resistant to cyroma-
zine, thus recapitulating the phenotype of the mutated locus. Cyromazine may 
therefore affect a fundamental DNA metabolism process in insects, of which cuticle 
aberrations constitute the most overt phenotype. 

 Dicyclanil (4,6-diamino-2-(cyclopropylamino)pyrimidine-5-carbonitrile) is an 
 IGR   which is structurally close to cyromazine. Its effect on cuticule and the 
occurence of cross-resistance with cyromazine indicate that both compounds share 
a similar mode of action (Magoc et al.  2005 ). Dicyclanil is used in the prevention of 
blowfl y strike in sheep (Bowen et al.  1999 ) .

10.7       The Eclosion Cascade 

 The molting cycle extends from  ecdysis   or shedding of the old cuticle at the end of 
a stadium to  ecdysis   at the subsequent stadium. Eclosion occurs at the tail end of the 
molting cycle after the nascent cuticle has been synthesized and the old cuticle has 
been incompletely digested. The eclosion sequence consists of three stages,  preec-
dysis  ,  ecdysis   and  postecdysis  . The symphony of events that occur under the control 
of a group of neuroendocrine hormones and peptides has been reviewed by White 
and Ewer ( 2014 ). As the insect prepares to shed the old cuticle, several muscles 
have to be stimulated to enable the insect to writhe out of the old cuticle, fi ll itself 
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with air and harden the  exoskeleton  . It accomplishes all these steps with a set of 
neurohormones that interact with their corresponding receptors located in strategic 
motor neurons that stimulate muscle contractions that result in  ecdysis  . These neu-
ropeptides include ETH (ecdysis triggering  hormone  ), PETH (preecdysis triggering 
 hormone  ), EH (eclosion  hormone  ), the  crustacean cardioactive peptide (CCAP)  , 
 Corazonin   and  Bursicon   (Zitnan and Adams  2000 ; Mesce and Fahrbach  2002 ; 
Zitnan et al.  2003 ; Clark et al.  2004 ; Truman  2005 ) (Fig.  10.12 ).

   Given that the  ecdysis   cascade is regulated by several neuropeptides with built-in 
redundancies and fail safe mechanisms, it would appear that targeting the neurohor-
mones for pest management may not be very successful. But using  RNAi   against 
many of them has resulted in derailing the  ecdysis   cascade (Arakane et al.  2008 ). 
Palli and Cusson ( 2007 ) discussed ways and means of targeting the neuropeptides 
for pest control. Each neuropeptide has its corresponding receptor which can also be 
targeted. Overexpressing EH by infecting the insect with an engineered baculovirus 
carrying the EH gene was ineffective (Eldridge et al.  1992 ). The kissing bug, 
 Rhodnius prolixus  is a vector that transmits the protozoan  Trypanosoma cruzi  which 
causes Chagas disease. The  R. prolixus  G-protein receptor for CCAP was cloned 
(RhoprCCAPR) and a knockdown with  RNAi   had a deleterious effect on the insect 
(Lee et al.  2013 ). The receptor for  bursicon  , a GPCR called rickets in  D.    melanogas-
ter   , may also be targetable with antagonists. The ubiquitous knockdown of rickets 
with dsRNA blocks larval  ecdysis   (Loveall and Deitcher  2010 ).  

  Fig. 10.12    The  ecdysis   cascade begins with the ventro-medial neurosecretory cells (VM cells) 
secreting the  eclosion hormone (EH)   in the presence of 20-hydroxy ecdysone(20E)    and stored in 
the proctodeal nerve (proct.nerve) and is released in the absence of  20E   stimulated by  ETH  . The 
EH acts on the Inka cells in the epitracheal gland and releases  ETH   and  PETH  . There appears to 
be a reciprocal stimulation.  EH   and  ETH   initiate tracheal response, start contractions and induce 
the release of  crustacean cardioactive peptide (CCAP)   which completes the  ecdysis   together with 
contributions from neuropeptides,  corazonin   and  bursicon  . For details see text (Retnakaran et al. 
 2003 )       
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10.8     Identifying Other Possible Targets During Cuticle 
Genesis 

 Many of the cuticular matrices that have been successfully targeted for control have 
been the result of serendipitous discoveries that saw BPUs and benzoyl hydrazines 
deployed commercially. Molting is by far the most vulnerable state of an insect’s 
life history. This feature complicates the search for targets of cuticular genesis 
because insects often die during molting regardless of the insecticide used or its 
mode of action. Recent interest in botanicals has resulted in the isolation of several 
plant metabolites that may act adversely on cuticle formation (Isman  2015 ). One 
problem with botanicals is that they have collective effects on multiple components 
including cuticular compartments. Azadirachtin is a well-known botanical that has 
several effects including interference with the molting process (growth regulator 
effect) and quite possibly with the eclosion cascade (El-Wakeil  2013 ; Senthil- 
Nathan  2013 ). Certain triterpenes (Ceanothane and oleanane) from the shrub, 
 Talguenea quinquenervia  were found to interfere with  sclerotization   and molting 
against the codling moth  Cydia pomonella , the mealworm,  Tenebrio molitor  and  D.  
  melanogaster    (Quiroz et al.  2015 ). 

 With the increased use of combinatorial chemistry and  in silico  screening one 
could envisage development of insecticides with enhanced environmental safety 
and target specifi city against many of the neuropeptides and their receptors involved 
in the molting process. Use of  RNAi   against many of these targets has demonstrated 
that it is indeed feasible (Palli and Cusson  2007 ; Arakane et al.  2008 ).  

10.9     Conclusions 

 Target specifi city with little or no collateral damage and environmental safety with-
out sacrifi cing effi cacy are the two guiding principles that should form the driving 
force in developing new pest control agents. As our understanding of the molting 
sequence and the synthesis and degradation of various cuticular matrices increases 
with the use of molecular techniques such as selective gene editing and inhibition, 
we should be able to develop better control agents with increased specifi city. The 
dynamic status of the cuticle that undergoes dramatic changes during the molting 
cycle and the eclosion cascade affords ample opportunities to interfere with several 
components at various stages of formation, dissolution and rebuilding.     
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    Chapter 11   
 Nature and Functions of Glands and Ducts 
in the  Drosophila  Reproductive Tract                     

     Frank     W.     Avila     ,     Javier     A.     Sánchez-López     ,     Jennifer   L.     McGlaughon     , 
    Sukirtha     Raman     ,     Mariana     F.     Wolfner     , and     Yael     Heifetz    

    Abstract     Successful reproduction requires interactions between males and females 
at many levels: the organisms, their cells (the gametes), and their molecules. Among 
the latter, secreted products of male and female reproductive glands are especially 
important. These molecules are particularly well understood in  Drosophila melano-
gaster , because of this insect’s excellent molecular genetic tools. Here, we discuss 
the biology of  Drosophila  reproductive glands, including their development, struc-
ture, and secreted products. These glands include important secretory centers, tis-
sues that play roles in gamete maintenance and perhaps in modifi cation, and organs 
that mediate dynamic transfer of gametes and molecules, and gamete support and/or 
discharge. Components of seminal fl uid produced by male reproductive glands enter 
the female during mating. There, they interact with female proteins, neurons, and 
pathways to convert the female from a “poised” pre-mated state to an active post-
mating state. This mated state is characterized by high levels of egg production, by 
sperm storage, and by post-mating behaviors related to re-mating, activity, and feed-
ing. Female reproductive gland secretions include additional molecules important 
for sperm survival or egg transit. The interplay and coordination between male- and 
female-derived molecules is an area of intense study. Its conclusions are relevant to 
understanding reproduction in insects and, more broadly, in all animals, and as well 
as to questions about chemical communication, hormone biology and evolution.   
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11.1       Introduction 

  Reproduction   involves  not   simply an interaction between individuals, but also an 
interaction between cells and molecules belonging to those two different organisms 
of the same species. Both individuals ultimately benefi t from a successful reproduc-
tive interaction, because it will transmit their genes to the next generation. Although 
the  gametes   contributed by each individual will ultimately fuse to form the  embryo   
for the next generation, production and function of these  gametes   is facilitated by 
actions and products made by tissues in the male and female reproductive tract. 
Much is known about those tissues and their products in the genetic model system, 
the fruit fl y   Drosophila melanogaster   , which is the focus of this chapter. Male and 
female reproductive tracts secrete components that contribute to a complex milieu 
that regulates and supports essential reproductive processes such as  oocyte   and 
 sperm   transport, maturation and activation,  fertilization  , embryo development and 
embryo transport (Leese  1988 ; Hunter  1998 ; Bloch Qazi et al.  2003 ; Avila et al. 
 2010 ; Aviles et al.  2010 ; Heifetz and Rivlin  2010 ; Schnakenberg et al.  2012 ). Male 
secreted components in animal seminal plasma include proteins and peptides, lip-
ids, hormones, sugars, small-molecules, immune regulators, and  vesicles   derived 
from male reproductive tissues (Poiani  2006 ; Avila et al.  2011 ; Aalberts et al.  2014 ; 
Corrigan et al.  2014 ; Suarez and Wolfner  2016 ). Interestingly, although the specifi c 
molecules and extracellular  vesicles   that are present in seminal plasma differ across 
organisms, and even within genus  Drosophila , there are commonalities in their 
types. Female animals’ reproductive tract secretions include molecules in similar 
classes to the male ones just mentioned (i.e. proteins and peptide, lipids, hormones, 
sugars) and also include components of the innate  immune response   (e.g.  antimicro-
bial peptides  ) that form the fi rst line of defense against pathogenic invasion (Leese 
 1988 ; Wira et al.  2011 ; Mondejar et al.  2012 ). Sites and/or organs that store  sperm 
  provide molecules that support  sperm   maintenance and may enable  sperm   modifi ca-
tion (maturation and activation) to facilitate  fertilization  . In this chapter we review 
what reproductive tissues and their secretions do, and why their products are so 
important for  reproduction  . Genetic tools in  D. melanogaster  have allowed a deep 
understanding of these molecules’ and tissues’ functions.  

11.2     Setting the Context 

 Before we discuss the details of reproductive tissues and molecules, we would like 
to place their actions into a broader context, as we believe that this will help frame 
the question of why male and female contributions are important individually and in 
combination. Although both sexes benefi t from successful  reproduction  , the strate-
gies that promote reproductive success differ between males and females. In the 
simplest terms, the male, who produces large quantities of “lower cost” (and usu-
ally small)  gametes  , benefi ts by mating with as many females as possible. Further, 
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a male will stimulate the female’s reproductive capacity as much as possible and 
expend energy in defending his reproductive investment from possible competitors. 
The female, in contrast, generally produces a smaller number of  eggs  , each of which 
requires a signifi cant investment. Females are thought to benefi t by being “choos-
ier” so that the best male’s  sperm   fertilize her  eggs  . These differences in strategies 
and in reproductive physiology/needs result in both benefi cial and apparent antago-
nistic interactions between male secretions and the female. We review these benefi -
cial and antagonistic interactions, briefl y, here. 

11.2.1     Benefi cial Interactions 

 The mated female insect is quite different from her unmated (virgin) self, both phys-
iologically and behaviorally. Perhaps most dramatic, a mated female produces and 
lays  eggs   at a much higher rate than a comparable unmated female (~50  eggs  /day 
instead of ~2/day in our lab-strain of  D. melanogaster , respectively); in some insects 
unmated females lay no  eggs   at all (Avila et al.  2011 ). This increase in  egg   produc-
tion, and provisioning all those  eggs  , requires resources that the female must obtain 
not only by eating more, but also by extracting maximal nutrition from the food she 
consumes (Carvalho et al.  2006 ; Apger-McGlaughon and Wolfner  2013 ; Reiff et al. 
 2015 ). Such resource allocation for  egg   production potentially detracts from 
resources needed for the female’s viability and health (Rose and Bradley  1998 ; 
Stearns  2000 ; Schwenke et al.  2016 ). The mated female must also fi nd places to 
oviposit her  eggs  , requiring movement, searching, and less sleep (Isaac et al.  2010 ). 
Oviposition thus also potentially makes the female more vulnerable to predators. 
One could imagine that it would be advantageous for a  D. melanogaster  female to 
use the substances that males transfer during mating as a “switch”, changing her 
from a virgin state of metabolism to the revved up state needed for  egg   production. 
In other words, in this model, the unmated female’s physiology is poised to shift to 
what is needed for high levels of  egg   production, but remains as a soma-focused 
physiology until a signal from the male indicates to her that she contains sperm. At 
this point it is advantageous for her to switch to a higher level of  egg   production so 
that her  eggs   and the  sperm   she received can rapidly produce large numbers of prog-
eny. While in physiological terms, this seems most benefi cial to the female, it is also 
to the male’s benefi t to provide a signal that turns up  egg   production in females. 
Mating-induced  egg   production means that the male’s progeny numbers are not 
limited by the female’s basal (virgin) level of  egg   production. In parallel, male- 
induction of egg production insures females will not have exhausted resources on 
egg production prior to mating and are thus able to produce large numbers of prog-
eny after each mating. 

 There are several examples of the male acting as a switch to turn on a pre- existing 
pathway in the female. Initial evidence came from transcriptomics: transcriptome 
changes shortly after mating were very small in magnitude, suggesting that many 
gene products needed in the fi rst few hours after mating had already been expressed 

11 Nature and Functions of Glands and Ducts in the Drosophila Reproductive Tract



414

in virgin females (McGraw et al.  2004 ,  2008 ). Consistent with this view of the 
“poised” female are data on  vesicle   release and reuptake; the virgin female already 
contains  vesicles   with peptides in them, ready-for-release upon mating (Heifetz and 
Wolfner  2004 ). Later work (Heifetz et al.  2014 ) showed that mating changes  neuro-
modulator   levels and release, at characteristic times in each part of the female’s 
reproductive tract (providing a way to coordinate post-mating physiology along the 
tract). Finally, recent micro-CT scanning studies have shown that mating results in 
movements and shape changes of reproductive organs  in situ  that initiate the coor-
dinated release and passage of  oocytes   (Mattei et al.  2015 ). 

 A major class of chemical signals that the male provides are proteins/peptides in 
his seminal fl uid. As the action of specifi c seminal fl uid proteins (SFPs) is becoming 
understood, we are beginning to see how males change the female’s physiological 
state. For example, the SFP  sex peptide (SP)   increases the production of  juvenile 
hormone (JH)   in females (Moshitzky et al.  1996 ; Bontonou et al.  2015 ). This hor-
mone is essential for the post-mating increase in  oogenesis   (Dubrovsky et al.  2002 ). 
Since unmated females already have begun  oogenesis  ,  JH   likely facilitates further 
maturation of these  oocytes   (Soller et al.  1999 ), as well initiating the production of 
new ones. Increased  JH   levels also cause a remodeling of the female’s gut (Reiff 
et al.  2015 ), presumably facilitating better digestion and nutrient absorption. In 
another example, the SFP Acp36DE is necessary for the conformational changes in 
the  uterus   of the mated female (Adams and Wolfner  2007 ; Avila and Wolfner  2009 ; 
Mattei et al.  2015 ). These changes are necessary for  sperm   to move into storage and 
for exerting tension on the  oviduct   to facilitate  ovulation   (Mattei et al.  2015 ). 
Another SFP,  ovulin  , increases octopaminergic signaling by increasing the number 
of synapses between neurons that innervate the  oviduct   and the associated  oviduct   
musculature, allowing for the relaxation of the  oviduct   and the opening of its lumen 
to permit  ovulation   (Rubinstein and Wolfner  2013 ). Extending beyond  octopamine  , 
SFP receipt (and mating) alters the production and/or release of different  neuro-
modulators   at different places and times along the female reproductive tract (Heifetz 
et al.  2014 ), resulting in unique combinations of  neuromodulators   that may help 
coordinate the various reproductive tract functions. Here too, the pathways are 
poised in the female but are turned on by the male – thus saving the female from 
having to run these pathways at a high level until she has mated, benefi tting both her 
and her mate by allowing the pathways to turn up very quickly upon mating – as 
though a switch has been fl ipped on.  

11.2.2     Antagonistic Interactions 

 As previously mentioned, mating is not purely a cooperative venture between the 
sexes at the molecular (or other) levels. Males generally produce large numbers of 
lower-cost  gametes   and thus benefi t most from mating as many times as possible. But 
within a population, multiple mating with different males introduces the likelihood of 
sperm  competition   for  fertilization   opportunities. For females, with fewer costlier 
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 gametes  , multiple mating is less benefi cial; females benefi t more by devoting their 
resources to the production of progeny from better males (although they can some-
times receive benefi cial resources during mating (Markow et al.  2001 ). These differ-
ences in strategies can result in situations where the interests of the sexes differ, 
causing antagonistic effects on females from male molecules or organs. The simplest 
way to imagine this is to consider  egg   production. As noted above, it is advantageous 
for both the male and female that SFPs increase  egg   production in females. However 
one could imagine that a level of  egg   production ideal for the male’s rapid progeny 
production might be disadvantageous for the female, requiring her to devote more 
resources to  egg   production than might be benefi cial for her survival. Thus there is a 
constant tension between the needs and strategies of the two sexes. This in turn can 
drive an evolutionary “ arms race  ” (e.g. see Rice  1996 ). If a male produces a molecule 
that exerts an effect benefi cial for him, it will be selected for. However, if the effects 
of this molecule are not benefi cial for the female, females will be selected that resist 
the molecule’s effects. [For example, if the  JH   induction caused by SP is at a level 
that is disadvantageous for females, one could imagine that selection would then 
favor females whose circulatory system contained higher proteolytic activity against 
the SP (for example by having greater amounts of specifi c  proteases  , or  proteases   
with higher catalytic activity or stability)]. Or, female receptors could evolve that 
bind a given SFP less strongly; more below. This in turn will select for males with 
forms of this SFP (or other molecules) that can overcome the female’s resistance 
mechanisms. 

 Several examples suggest the likelihood of such a confl ict between the interests 
of male and female  D. melanogaster . One example is that some SFPs decrease 
female lifespan (Chapman et al.  1995 ; Lung et al.  2002 ; Wigby and Chapman 
 2005 ). The effect has likely been tuned in ways like those suggested above, as it 
takes multiple matings to see a small effect. The SP is essential for this effect on 
females; perhaps its effect can be understood in terms of its altering the  egg   produc-
tion, immunity, food ingestion, and hormone balance in the female. Like SP (Wigby 
and Chapman  2005 ), several other SFPs have been shown to be toxic to fl ies when 
ectopic amounts are present in their hemolymph (Lung et al.  2002 ; Mueller et al. 
 2007 ), suggesting that there may be additional contributors to the decreased 
longevity. 

 In another example, the male’s aedeagus punctures the vaginal intima of the 
female (Kamimura  2010 ; Mattei et al.  2015 ), potentially providing a rapid way to 
introduce his SFPs into her circulation (Lung and Wolfner  1999 ), but also causing 
wounding of the female (Mattei et al.  2015 ). Such injury also has the potential to 
introduce microbes into the female. This might be a reason why female fl ies induce 
expression of antimicrobial  peptide   genes after mating (Peng et al.  2005a ; 
Domanitskaya et al.  2007 ), although their systemic immunity does not increase 
after mating (Fedorka et al.  2007 ; Short et al.  2012 ), perhaps as a consequence of a 
resource-allocation tradeoff between immunity and  reproduction   (see Schwenke 
et al.  2016  for further discussion). 

 In a third example of potentially antagonistic interactions, a male’s SP reduces 
his mate’s receptivity to remating (Chapman et al.  2003 ; Liu and Kubli  2003 ), 
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 perhaps as part of his evolved arsenal against  sperm    competition  . Therefore, a mated 
female is less likely to remate, and the male’s  sperm are   thus less likely to encounter 
 sperm    competition  . While this is advantageous for the male, it is arguably less so for 
the female. Although decreased re-mating could potentially protect the female from 
longevity-decreasing effects of mating/SFPs, there are some negative consequences 
for her: by reducing her re-mating- receptivity  , the male is decreasing the diversity 
of male genetic contributions to the female’s progeny. Females benefi t by some abil-
ity to re-mate so that they can “choose” the best male. By decreasing her  receptivity   
to re-mating, a male’s SFPs decrease this potentially benefi cial female behavior. 
This confl ict between interests of the male and female may also contribute to the 
 arms race   described above. 

 Finally, sequence examination of SFPs has shown that a remarkably large per-
cent of them (~20 %) show features of rapid evolution, consistent with the  arms race   
described above (Swanson et al.  2001 ; Wagstaff and Begun  2007 ; Wong et al. 
 2008a ). Interestingly, although the primary amino acid sequences appear to be 
evolving rapidly, the classes of SFP that are present are highly conserved – suggest-
ing that the same functions are needed, but that different molecules with those activ-
ities are co-opted as females become resistant or other needs drive it. It would be 
useful to see if the female receptors/interactors of SFPs also evolve rapidly – in step 
with their ligands. However at present, only one SFP receptor is known (SPR, the 
receptor for SP) (Yapici et al.  2008 ) and this receptor has conserved non- reproductive 
ligands (MIPs) (Kim et al.  2010 ; Poels et al.  2010 ) that may constrain its evolution. 
An SFP-specifi c receptor is needed to answer this question.   

11.3     Reproductive Tract Development and Overview 

 Given the interesting parallels in the functions of adult male and female  reproduc-
tive glands   and ducts (see below, and Fig.  11.1 ), it is interesting to note that the 
organs in the two sexes actually derive largely from different precursors.  D. mela-
nogaster  genitalia are specifi ed during larval life and differentiate into both the 
genitalia and analia during metamorphosis (Chatterjee et al.  2011 ). The genitalia are 
derived from the  genital imaginal disc  ; cells from abdominal segments A8, A9 and 
A10 will ultimately contribute to these structures (Nothiger et al.  1977 ; Schupbach 
et al.  1978 ). Female genitalia are primarily derived from cells of the A8 primordium 
while male genitalia are primarily derived from cells of the A9 primordium (Estrada 
et al.  2003 ). However, in addition to these contributions, mesodermal cells are also 
recruited and contribute to the formation of the male reproductive tract (Ahmad and 
Baker  2002 ).

   As is the case with the development of other imaginal dics, the  decapentaplegic  
(TGF-beta),  hedgehog  and  wingless  (Wnt) signaling cascades give positional infor-
mation to the  genital imaginal disc   cells (Brook et al.  1996 ; Lawrence and Struhl 
 1996 ). Hox genes are required to differentiate between the genitalia, analia and the 
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more anterior segments of the fl y abdomen. Finally, the downstream components of 
the sex-determination pathway, most notably the sex-specifi c isoforms of RNA and 
protein encoded by the  doublesex  gene, control the sexual differentiation of these 
tissues (Christiansen et al.  2002 ). Active transcription of  doublesex  initiates at the 
onset of metamorphosis in the genital disc (Robinett et al.  2010 ).  doublesex  mRNAs 
are alternatively spliced to produce sex-specifi c transcription factors thought to 

  Fig. 11.1    Male and female reproductive tracts of  Drosophila melanogaster  
 Reproductive tract organs are color-coded with respect to function. Gonads are not colored, nor 

is the female’s vagina ( at the bottom of the drawing ) 
 In the male:  sperm   from the testes are stored and maintained in the seminal  vesicles      ( green ). 

The male’s accessory glands ( red ) are major sites of synthesis of  seminal proteins.    The distal tip 
of the gland ( paler red ) contains  both   main and  secondary    secretory cells  ; the rest of each gland 
lobe contains only main  secretory cells  .  Sperm   and accessory gland secretions (and secretions 
from the  testis   and seminal  vesicles     ) then transit through the  ejaculatory duct    ( blue ), which con-
tributes additional secretions.  Sperm   and seminal fl uid then pass through the ejaculatory bulb ( tan ) 
which contributes its own secretions (which will be part of the coagulum that forms the  mating 
plug   inside the female) before discharging the ejaculate into the female 

 In the female: during mating, the ejaculate is deposited into the  uterus   ( tan ) and the  sperm 
  move from there into the  sperm    storage   organs ( green ;  spermathecae   are the two mushroom-
shaped organs part-colored  green ;  seminal receptacle   is the coiled  green organ  at the  top  of the 
 uterus  ), where they will be maintained until released for  fertilization  . Secretions from spermathe-
cal secretory  cells     , and from the  female accessory glands   ( parovaria  ) ( red ) are thought to help 
maintain the  sperm   and may facilitate  egg   movement as well. Mating stimulates  ovulation  , the 
process in which an  oocyte   from the ovary moves into a lateral  oviduct   and then transits into and 
through the common  oviduct  ; the  oviducts  ’ ( blue ) secretions comprise an  oviductal fl uid   that may 
assist with this transit. The  egg   then moves into the  uterus   ( tan ), with its anterior end up. That end 
of the egg contains the micropyle, and thus this site of  sperm   entry is positioned next to the opening 
of the sperm- storage   organs.  Sperm   released from  storage   will enter the egg and fertilize it ( white 
circle ). The  uterus   contracts to discharge the egg from the female       
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coordinate the development of the genital disc. However, few direct targets of  dou-
blesex  have been described, with  doublesex  appearing to function in genitalia devel-
opment by coordinating the activity of broadly expressed transcription factors in a 
sex-specifi c manner (Chatterjee et al.  2011 ). 

 On the male side, the structures that we will focus on here are the paired  acces-
sory glands   (also called  paragonia  ), the most extensively studied organ of the male 
reproductive tract, and the  ejaculatory duct   and  ejaculatory bulb   (see Fig.  11.1 ). For 
the purpose of this review, we cannot say much about secretions of  testes   and semi-
nal  vesicles      as the proteins secreted by these organs most likely interact directly 
with  sperm   and are currently diffi cult to distinguish from the  sperm   proteome. 
However, it is likely that the products of these tissues secrete important products, as 
their analogs do in mammals (Suarez  2016 ). 

 The female reproductive tract (RT) structures that will be discussed include the 
 oviduct  , the  uterus  , the  parovaria   (also called the female accessory  gland   s  ), and the 
two types of female  sperm    storage   organs – the single  seminal receptacle   and paired 
 spermathecae  , which include large  secretory cells   located outside the spermathecal 
cap (see Fig.  11.1 ). These  spermathecal secretory cells (SSC)   play a major and 
unique role in reproductive function. As in the  testis  , proteins secreted by the ovary 
most likely interact directly with  oocytes  , but probably affect other parts of the 
female reproductive tract. However, since little is known about such molecules we 
do not discuss them further in this article. 

 There are remarkable formal parallels in the functions of male vs. female organs 
(see Fig.  11.1 ). The male and  female accessory glands     , and the female’s spermathe-
cal secretory  cells      are major secretory centers – sources of important secretions that 
affect other organs (even organs in another animal in the case of the male  accessory 
gland  ). The male’s seminal  vesicles      and the female’s sperm- storage   organs are, in 
addition to secretory organs, sites that maintain  sperm   in a viable stored state. The 
male’s  ejaculatory duct   and the female’s  oviducts   are, in addition to secretory 
organs, conduits that mediate the dynamic movement of  gametes  . Finally, in addi-
tion to their secretory roles, the male’s  ejaculatory bulb   and the female’s  uterus   are 
organs that discharge  gametes   (and secretions) from the fl y. As we discuss the 
details of each organ and its products below, it is useful to keep these parallels in 
mind.  

11.4     The Male Reproductive Tract 

11.4.1     Male Accessory  Gland   

  The accessory gland of the  Drosophila  male reproductive tract produces the major-
ity of studied seminal fl uid proteins transferred to females during mating. These 
proteins elicit most of the behavioral and physical changes in mated female that 
have been described – increases in  egg  -laying,  ovulation   and feeding behavior, 
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decreases in  receptivity   to re-mating, in siesta sleep and in the rate of intestinal 
transit, as well as formation of a  mating plug  , induction of  immune responses  , and 
regulation of  sperm    storage   and  sperm    competition   (Gillott  2003 ; Avila et al.  2011 ). 
The accessory gland plays a crucial role in the fertility of  Drosophila  males given 
that ablation of the tissue results in sterility (Xue and Noll  2000 ; Chow et al.  2015 ). 

 The accessory gland (see Fig.  11.1 ) is a two-lobed structure that branches from 
the anterior  ejaculatory duct  . Late in development, mesodermal cells that express 
the fi broblast growth factor (FGF) receptor, Breathless (Btl), in the male genital disc 
will become epithelial cells that develop into the accessory gland (Ahmad and 
Baker  2002 ). The homeodomain transcription factor, Paired (prd), is required to 
promote the proliferation of the cells (Xue and Noll  2002 ). Each lobe of the acces-
sory gland is made up of ~1000  secretory cells   arranged in a monolayer epithelium. 
There are two types of  secretory cells  : “ main cells  ” and “ secondary cells”   (Bairati 
 1968 ; Bertram et al.  1992 ; Gligorov et al.  2013 ). Flat, hexagonally-shaped main 
cells make up approximately 96 % of the accessory gland.  Secondary cells  , which 
are large, spherical and fi lled with vacuoles, make up the remaining 4 %; they are 
found at the distal tip of the accessory gland lobes, distributed among the  main cells  . 
Both  main cells   and  secondary cells   of the accessory gland are binucleate, a result 
of progressing through mitosis without cytokinesis. This is regulated by the 
 Drosophila  microtubule binding protein, Mud (Taniguchi et al.  2014 ). 

 Proteins are secreted from the monolayer of  secretory cells   into the lumen of the 
accessory gland. The monolayer of  secretory cells   is further encased in a muscle 
sheath that likely constricts, facilitating the movement of the secreted proteins into 
the  ejaculatory duct   where they mix with secreted proteins from the  ejaculatory duct   
and sperm, and are subsequently transferred to the female during copulation 
(Norville et al.  2010 ). In addition to its role in early cell proliferation of the acces-
sory gland, prd is also required later in development for the differentiation and mat-
uration of the accessory gland (Xue and Noll  2002 ). 

 It was suggested that the  main cells   of the  Drosophila  accessory gland use  mero-
crine   secretion, whereas  secondary cells   secrete by holocrine mechanisms (Perotti 
 1971 ; Chen  1984 ; see Chap.   15     by Farkaš, for related discussion of secretion mech-
anisms in salivary glands).  Merocrine   secretion occurs when a cell uses exocytosis 
to release its secreted products via secretory  vesicles  , whereas  holocrine secretion   
involves the rupture of the plasma membrane and the release of the secreted prod-
uct, destroying the cell. It is unclear whether  secondary cells   destroyed in this pro-
cess are replenished by the conversion of a main  cell   or by proliferation of other 
 secondary cells  . A study by Rylett et al. ( 2007 ) provides possible evidence for the 
 holocrine secretion   of  secondary cells  . The authors demonstrated by in situ hybrid-
ization that the RNA of angiotensin I-converting enzyme (ANCE), a secondary  cell   
secreted protein, was found not only in the  secondary cells   but also abundant in the 
accessory gland lumen. Moreover, the appearance of  vesicles   transferred from 
accessory glands, and of apparent  secondary cells   delaminated and transferred dur-
ing mating (Leiblich et al.  2012 ; Corrigan et al.  2014 ), also supports the idea of 
 holocrine   secretion by those cells. 
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 Given that the  main cells   make up 96 % of the accessory gland, the products of 
these cells have been more extensively studied. Genetic disruption of the accessory 
gland  main cells   determined that these cells are responsible for the post-mating 
 response   (Kalb et al.  1993 ). About ~200 proteins and peptides have been reported in 
 D. melanogaster  seminal fl uid, most of which are derived from accessory glands 
(Findlay et al.  2008 ,  2014 ; Yamamoto and Takemori  2010 ). One class of such mol-
ecules are peptide hormones or proteins that appear to act as precursors to peptide 
hormones. The best known among these is the 36 amino acid “sex  peptide  ” (SP; 
Aigaki et al.  1991 ) and the 264 amino acid peptide  ovulin   (Monsma and Wolfner 
 1988 ). Both of these are found in  D. melanogaster  and closely related  Drosophila  
species, but neither is detectable outside the genus  Drosophila . SP has been shown 
to mediate multiple post-mating events in females: the decreases in sexual  receptiv-
ity   (Chapman et al.  2003 ), siesta sleep (Isaac et al.  2010 ) and longevity (Wigby and 
Chapman  2005 ), the increases in feeding (Carvalho et al.  2006 ),  egg   production 
(Chapman et al.  2003 ) and juvenile  hormone   levels (Moshitzky et al.  1996 ), the 
observed digestive changes (Cognigni et al.  2011 ; Apger-McGlaughon and Wolfner 
 2013 ), a requirement for  sperm   release from storage (Avila et al.  2010 ), and the 
induction of antimicrobial  peptide   genes (Peng et al.  2005a ; Domanitskaya et al. 
 2007 ). SP’s effects on behavior,  egg   production and  sperm   release are due to SP’s 
C-terminal region acting through a G-protein coupled receptor (SPR, Yapici et al. 
 2008 ) in a subset of neurons innervating the female reproductive tract that  co- express 
 fruitless ,  doublesex , and  pickpocket  (Yapici et al.  2008 ; Hasemeyer et al.  2009 ; Yang 
et al.  2009 ; Avila et al.  2015a ) .  To mediate the release of  sperm   from storage, SP acts 
through SPR in  pickpocket  neurons and the in spermathecal secretory  cells      (Avila 
et al.  2015a ). The sex  peptide  ’s effects persist long after mating, because once inside 
the female SP is bound to, and retained on stored  sperm    (Peng et al.  2005b ); a net-
work of  seminal proteins   is necessary to catalyze this binding (Ravi Ram and 
Wolfner  2009 ; LaFlamme et al.  2012 ). The active C-terminal region of the SP is 
slowly cleaved from sperm, releasing this active region with time. The effects of SP 
on  JH   levels are transient, and involve its N-terminal region (Peng et al.  2005b ). 

  Ovulin   is a prohormone that upon transfer to the female stimulates a short-term 
(<24 h) increase in  ovulation   (Herndon and Wolfner  1995 ; Heifetz et al.  2000 ,  2005 ). 
 Ovulin   acts to increase  ovulation   by increasing octopaminergic signaling in the 
reproductive tract (Rubinstein and Wolfner  2013 ). The increased octopaminergic 
signaling is thought to relax the muscles that surround the  oviduct  , unlooping this 
duct (Mattei et al.  2015 ) and opening its lumen to accept the ovulated  egg  . 
Interestingly, although  ovulin   itself is only detectable for a few hours in the female, 
its effects include increasing the number of synaptic boutons made by octopaminer-
gic neurons on the muscles around the  oviduct  . This may allow the  oviduct   muscu-
lature to remain relaxed long after  ovulin   is gone, a feature that may contribute to the 
mechanical regulation of subsequent  ovulation   by the female (Mattei et al.  2015 ), as 
described below.  Ovulin’s   site of action in the female is currently unknown. The 
majority of transferred  ovulin   localizes to the upper  oviduct   and base of the ovaries; 
there it undergoes proteolytic cleavage that is thought to activate it (Monsma and 
Wolfner  1988 ; Herndon and Wolfner  1995 ; Park and Wolfner  1995 ; Heifetz et al. 
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 2005 ). Approximately 10 % of the transferred  ovulin   enters the female’s hemolymph 
where it remains uncleaved; from this location it could be in position to indirectly 
stimulate  ovulation   via the neuroendocrine system (Lung and Wolfner  1999 ). 

 Several other SFPs made in the accessory gland have been associated with func-
tions in the mated female. Accessory gland SFPs, in aggregate, induce a series of 
morphological changes of the mated female  uterus  . In virgin females, the  uterus   
exists in a tightly closed conformation. During mating, a series of morphological 
changes ‘open’ the  uterus   (Adams and Wolfner  2007 ; Mattei et al.  2015 ). These 
changes have been hypothesized to move the  sperm   mass towards the female  sperm 
  storage organs (Adams and Wolfner  2007 ). The accessory gland SFP, Acp36DE, is 
required for the completion of these changes: the uteri of females that do not receive 
Acp36DE only partially open (Avila and Wolfner  2009 ; Mattei et al.  2015 ) resulting 
in a signifi cant reduction of  sperm   being stored by the female (Neubaum and 
Wolfner  1999 ; Bloch Qazi and Wolfner  2003 ; Avila and Wolfner  2009 ).  D. melano-
gaster  females will sometimes store  sperm   even in the absence of accessory gland 
SFPs, albeit in signifi cantly reduced numbers (Xue and Noll  2000 ). However, these 
 sperm   will not be used to fertilize  egg  s (Xue and Noll  2000 ), highlighting the impor-
tance of accessory gland proteins in female  sperm   management. The predicted lec-
tin, Acp29AB, which functions in  sperm    competition   is also required for proper 
 sperm    storage  , as females that do not receive this SFP during mating cannot main-
tain  sperm   in  storage  , leading to a reduction in fertility (Wong et al.  2008b ). Finally, 
the previously mentioned network of SFPs that bind SP to  sperm   are required for 
 sperm    storage   parameters—removal of any of the proteins of this network (two 
 proteases  , a cysteine-rich secretory protein (CRISP), and two C-type lectins) results 
in the inability of females to release  sperm   from  storage  , a similar effect to not 
receiving SP itself (Ravi Ram and Wolfner  2007 ,  2009 ; Avila et al.  2010 ; LaFlamme 
et al.  2012 ). 

 Seminal fl uid is also rich in  proteases   and their regulators. Multiple classes of 
 proteases   are found in  D. melanogaster  seminal fl uid, including serine  proteases   
and metalloproteases (LaFlamme and Wolfner  2013 ). Several of these  proteases   
have been shown to act in proteolytic cascades to regulate the cleavage of other 
 seminal proteins   (such as  ovulin   and Acp36DE, LaFlamme et al.  2014 ). Proteolysis 
can liberate active regions of proteins, or can regulate the stability of a protein; to 
date the specifi c roles of most proteolytic events in  D. melanogaster   seminal pro-
teins   are unclear. The female reproductive tract also produces  proteases   and prote-
ase inhibitors (Allen and Spradling  2008 ; Prokupek et al.  2009 ,  2010 ), suggesting 
molecules that could potentially mediate the sort of interplay described in above 
under “Setting the context”. Unfortunately, the large number of  proteases   and pro-
tease inhibitors found in seminal fl uid has made genetic dissection of their activities 
diffi cult, due to redundancy: effects of mutation or knockdown of one can be masked 
by the presence of another protease with similar activity. It is intriguing to think that 
such redundancy (and the use of proteins with similar activity but from different 
ancestral genes) could be the consequence of the  arms race   noted earlier in this 
article. In mammals,  proteases   and their inhibitors in seminal fl uid play roles in the 
coagulation of semen. Although  D. melanogaster  seminal fl uid does contain mole-
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cules that form a  mating plug   within the female, to date the roles of male or female 
 proteases   or protease inhibitors in this process have not been tested. 

 Other classes of protein in seminal fl uid include lectins, which bind to carbohy-
drates. Carbohydrate-binding proteins are necessary for fertility and aspects of 
 sperm    storage   in fl ies (Ravi Ram and Wolfner  2007 ,  2009 ; Wong et al.  2008b ) as 
well as in mammals (e.g. Demott et al.  1995 ; Tecle and Gagneux  2015 ) as are 
another class of protein in seminal fl uid, the CRISPs (cysteine-rich secretory pro-
teins; Da Ros et al.  2015 ). Another class of proteins in  Drosophila  seminal fl uid is 
odorant binding proteins (Findlay et al.  2008 ). Roles in seminal fl uid for such pro-
teins have not been reported, but a possibility is that they may serve to bind 
small molecules from the male and present them to targets or receptors in the female. 
Small molecules in seminal fl uid are also not known in  Drosophila , but they are 
inferred to be present and similar in function to small molecules present in other 
taxa. These molecules could include hormones such as ecdysterone ( Anopheles , 
Pondeville et al.  2008 ), juvenile  hormone   ( Aedes , Clifton et al.  2014 ) and prosta-
glandins (mammals, Robertson  2007 ) all of which affect female physiology. It will 
be interesting to test for such molecules in  D. melanogaster  seminal fl uid. Finally, 
in addition to proteins and other molecules, seminal fl uid in  Drosophila  includes 
small  vesicles   or exosomes that are reported to be derived from the male’s accessory 
gland’s  secondary cells  . These exosomes are transferred to females during mating. 
Although their contents are as yet unknown, the  vesicles   have been suggested to 
affect the mating behavior of female  Drosophila  (Corrigan et al.  2014 ). In mam-
mals, such  vesicles   have been associated with transfer of small regulatory RNAs 
(e.g. Valadi et al.  2007 ; Belleannee et al.  2013 ; Vojtech et al.  2014 ) and possibly 
other molecules that can then affect gene expression or other traits in the female 
reproductive tract. 

 While the  main cells   and their secreted proteins (such as SP,  ovulin   and Acp36DE) 
have been extensively researched, much less is known about the role of the second-
ary  cell   secretions. However, several recent studies have shown that  secondary cells   
are critical for a normal post-mating  response  . Minami et al. ( 2012 ) reported that the 
accessory glands of males mutant for the homeodomain transcriptional repressor 
 Defective proventriculus  ( Dve ) were small, lacked  secondary cells  , and had mono-
nucleate  main cells  . These mutants had low fecundity and were unable to increase 
post-mating  egg   laying and to reduce post-mating  receptivity   – two responses that 
are elicited by the main  cell   accessory gland protein SP (Chapman et al.  2003 ), yet 
interestingly,  dve  mutants transferred normal amounts of SP to their mates. Gligorov 
et al. ( 2013 ) reported that loss of the homeotic transcription factor,  Abd-B , in  sec-
ondary cells   caused those cells to develop abnormally, and resulted in defects in the 
long-term post mating responses in the mates of mutant males: without secondary 
 cell   function, the male’s SP was unable to be bound to  sperm   and to be retained in 
the female. Additionally, this study provided evidence for interactions between the 
products of the two cell types: expression of  Abd-B  in the  secondary cells   is required 
for glycosylation of at least three main  cell   secreted proteins:  ovulin   (Acp26Aa), 
which is responsible for a short-term (<24 h) increase in  egg   laying after mating 
(Chapman et al.  2003 ), and CG1652 and CG1656, a pair of lectins that are part of 
the network of proteins that binds SP to  sperm    (Ravi Ram and Wolfner  2007 ,  2009 ). 
Recently, Sitnik et al. ( 2016 ) identifi ed several secondary  cell  -expressed genes that 
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are necessary for the binding of SP to sperm, and the consequent persistence of the 
 post-mating responses   elicited by SP. Finally, Corrigan et al. ( 2014 ) showed that 
these cells are the source of vesicles that are transferred to females during mating, 
and are needed for her post-mating changes in remating behavior.   

11.4.2       Ejaculatory Bulb (EB)   

 The EB derives from cells of the A9 primordium during metamorphosis (Estrada 
et al.  2003 ). Although it has not been studied to the level of detail as the male acces-
sory gland, the EB has been shown to synthesize and transfer products— phero-
mones   and proteins—to females that directly affect female fertility and behavior. 

 Secreted proteins of the EB are integral in forming the  D. melanogaster   mating 
plug  —a coagulation of  seminal proteins   that forms in the posterior  uterus   quickly 
after their transfer during mating (Avila et al.  2015b ; Chow et al.  2015 ; Mattei et al. 
 2015 ) – although accessory gland proteins also contribute to the  mating plug   in 
 Drosophila  (Avila et al.  2015c ), as well as in  Anopheles gambiae  mosquitoes 
(Rogers et al.  2009 ). Two  D. melanogaster  EB proteins have been identifi ed as 
important in the  mating plug  : Protein of the EB in melanogaster (PEBme; Ludwig 
et al.  1991 ; Lung and Wolfner  2001 ) and PEBII (Bretman et al.  2010 ). RNAi knock-
down of PEBII reduces  mating plug   size in mated females and increases female 
willingness to re-mate in the immediately hours after mating has ended. However, 
female fertility is not impacted after  PEBII  is targeted for RNAi knockdown 
(Bretman et al.  2010 ). 

 In contrast, RNAi knockdown of  PEBme  in males, severely reduces or com-
pletely ablates  mating plug   formation in mated females. This causes signifi cant 
reductions in female post-mating  egg  -laying and progeny production and in the 
likelihood of rejection of remating by females (Avila et al.  2015c ). The lack of a 
normal post-mating  response   in females that had mated to PEBme knockdown 
males is due to the inability of these females to retain the ejaculate within their 
reproductive tract when mating pairs uncouple at the end of mating (Avila et al. 
 2015c ). As the ejaculate is typically expelled by  D. melanogaster  females several 
hours after mating ends (Lee et al.  2015 ), one function of the  mating plug   in this 
species appears to be to prevent premature ejaculate expulsion by females, thus 
ensuring that  sperm   are stored in optimal numbers and that necessary SFPs are 
retained in mated females (Avila et al.  2015c ). 

 While the presence of PEBme in the seminal fl uid is required for  mating plug   
formation and the maintenance of the ejaculate in the female reproductive tract, the 
EB is also a primary site of  pheromone   synthesis (Guiraudie-Capraz et al.  2007 ; 
Chin et al.  2014 ; Ng et al.  2015 ). However, there exist large variations in the 
EB-derived synthesis of  pheromone  s across closely related  Drosophila  species 
(Chin et al.  2014 ; Ng et al.  2015 ). 

 In  D. melanogaster , two sex-specifi c sex  pheromones   are synthesized in the  ejac-
ulatory bulb  : 11- cis -vaccenyl acetate (cVA) and (3 R ,11 Z ,19 Z )-3-acetoxy-11,19- 
octacosadien- 1-ol (CH503). These  pheromones   are secreted by the  ejaculatory bulb   
and localize to the male anogenital region. Further, these molecules are transferred 
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to females during mating (Yew et al.  2009 ). cVA has been shown to have numerous 
functions in this species, including inhibiting male courtship (Zawistowski and 
Richmond  1985 ; Ejima et al.  2007 ), acting as an aggregation factor (Kurtovic et al. 
 2007 ) and promoting male aggression (Wang and Anderson  2010 ; Wang et al. 
 2011 ). 

 CH503 also acts to inhibit male courtship, but has a longer lasting affect than 
cVA, being capable of remaining on the female cuticle for up to 10 days after a mat-
ing (Yew et al.  2009 ). Further, mutation to the enzyme required for the synthesis of 
CH503, the very-long-chain fatty acid elongase  bond , is required for optimal male 
fertility (Ng et al.  2015 ).  bond  mRNA and protein are also expressed in the  ejacula-
tory bulbs   of  D. simulans  and  D. yakuba , both species shown to produce CH503 
(Yew et al.  2009 ). 

 In desert  Drosophila  species (the  repleta  group), triacylglycerides (TAGs)—a 
novel class of  pheromones  —are synthesized in the  ejaculatory bulb   in a sex-specifi c 
fashion (Chin et al.  2014 ). Chin et al. ( 2014 ) reported that 13 different  triacylclyerides 
are broadly expressed across 11 species. Further, examining  D. arizonae  and  D. 
mojavensis , male-secreted TAGs were found on mated females (but not on virgin 
females), with female attractiveness increasing with the decrease in detection of 
TAGs.   

11.4.3      Ejaculatory Duct   

 Like the EB, ejaculatory duct cells derive from cells of the A9 primordium during 
metamorphosis (Estrada et al.  2003 ). Proteins with antimicrobial activity are pro-
duced and secreted from the ejaculatory duct (Lung et al.  2001 ) including the sex- 
specifi cally expressed andropin (Samakovlis et al.  1991 ) and cecropin, a broadly 
expressed antimicrobial  peptide   (Junell et al.  2010 ). The class III POU-domain tran-
scription factor Drifter/Ventral veinless is required for the expression of cecropin, 
having been suggested that Drifter/Ventral veinless may act in combination with 
other factors to regulate the expression of  antimicrobial peptides   in a tissue-specifi c 
manner (Junell et al.  2010 ). 

 In addition to  antimicrobial peptides  , the ejaculatory duct synthesizes and 
secretes a peptide that can elicit some female  post-mating responses  . This peptide, 
DUP99B, has homology to the previously mentioned SP in its C-terminus, suggest-
ing that it evolved by gene duplication (Saudan et al.  2002 ). When injected into 
virgin females, DUP99B induces sexual refractoriness and  egg  -laying, similar to SP 
(Saudan et al.  2002 ). Further, DUP99B has affi nity for nervous system tissue 
(Ottiger et al.  2000 ; Ding et al.  2003 ), however, SP binds its targets with higher 
affi nity that DUP99B while also having molecularly distinct targets (Ding et al. 
 2003 ). Finally, unlike SP, DUP99B does not bind to  sperm   in the female reproduc-
tive tract (Liu and Kubli  2003 ; Peng et al.  2005b ), suggesting that its effects on 
mated females are short lived compared to SP. The ejaculatory duct also produces 
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glucose dehydrogenase, which plays an important role in the  storage   of  sperm   by 
mated females (Iida and Cavener  2004 ).   

11.5     Fates of Male Secretions in Mated Females 

 The majority of the proteins secreted from the  D. melanogaster  male reproductive 
tract tissues that are transferred to females at copulation are only detectable within 
the female for ~4–6 h after mating ends (Ravi Ram et al.  2005 ). During this time, 
 seminal proteins   have been found within the  mating plug   (Neubaum and Wolfner 
 1999 ; Lung and Wolfner  2001 ; Ravi Ram et al.  2005 ), the  sperm   mass (Neubaum 
and Wolfner  1999 ; Lung and Wolfner  2001 ), the tissues of the female reproductive 
tract, including the  sperm    storage   organs (Ravi Ram et al.  2005 ), the  oviduct   
(Neubaum and Wolfner  1999 ) and the base of the ovary (Ravi Ram et al.  2005 ). 
Some SFPs, including  ovulin   and the SP, enter the hemolymph (Monsma et al. 
 1990 ; Pilpel et al.  2008 ) through a permeable part of the lower  uterus   (Lung and 
Wolfner  1999 ) and/or through a puncture made by the male genitalia (Kamimura 
 2007 ; Mattei et al.  2015 ). This gives these SFPs access to targets outside the female 
reproductive tract. The mechanism(s) that allows some SFPs to enter the female 
circulation but prevents others is currently unknown. The example of an SFP that 
persists longer than a few hours in the mated female is the SP. Its binding to  sperm 
  allows it to remain within the female for >5d post-mating (Peng et al.  2005b ), where 
it continues to “dose” her, changing her behavior and physiology as long as she 
contains stored sperm.  

11.6     The Female Reproductive Tract 

11.6.1       Oviducts   

 The oviducts (see Fig.  11.1 ) are secretory tubes surrounded by muscle and nerves 
that connect the base of the ovary to the top of the  uterus  . Proper oviduct function is 
essential for successful  reproduction  . Contraction of the oviduct facilitates  gamete 
  movement from the ovaries to the site of  fertilization  . Secretions from the oviduct 
epithelia create an optimal environment for the fi nal maturation of the female  gam-
etes  , and for transport of the  egg   to the  uterus   (Gillott  1988 ; Bloch Qazi et al.  2003 ). 
In insects, the oviduct environment supports activation of the  oocyte   during its tran-
sit towards the  uterus   (Heifetz et al.  2001 ; Bloch Qazi et al.  2003 ). 

 The  Drosophila  oviduct begins with two short tubes (lateral oviducts), each aris-
ing from one ovary. These tubes then unite medially to form the common oviduct. 
Lateral and common oviducts are ectodermal in origin. The oviductal wall consists 
of a single-layered epithelium lined with a chitinous intima and surrounded by cir-
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cular muscles (Miller  1950 ; Heifetz and Wolfner  2004 ; Middleton et al.  2006 ). The 
oviduct epithelium shows intracellular membranous folding and extensive micro-
villi at the apical membrane, indicating their secretory function (Middleton et al. 
 2006 ; Kapelnikov et al.  2008 ). The epithelium along the oviduct is covered by an 
electron dense apical extracellular matrix (AECM) and a thin layer of cuticle. 
Different regions of the oviduct (i.e. lateral oviduct, upper common oviduct, lower 
common oviduct) display different apical membrane morphology (i.e. microvilli or 
pleats). In mated females, the AECM and cuticle have increased surface area, and 
electron dense granules are observed in both the AECM and cell cytoplasm. 
Kapelnikov et al. ( 2008 ) suggested that these granules participate in the secretion 
and deposition of the AECM. They further indicated that the lower common oviduct 
is a site of active apical secretion in both mated and unmated females. However, 
little is known about the secretory nature of the oviduct. 

  Oviductal fl uid   is not yet characterized in  Drosophila . However, hints to its likely 
composition can be taken from what is known in other organisms, in which oviducts 
contain a complex mixture of secretions from epithelial cells and from blood 
plasma. In those animals, the fl uid contains metabolic components such as glucose, 
lactate, pyruvate and amino acids, at concentrations that often differ from those in 
the  uterus   or plasma (Hunter  1998 ; Aviles et al.  2010 ). In other insects, such as the 
stick insect ( Baculum thaii ), histochemical analyses of oviduct showed that the epi-
thelial cells’ secretions are rich in proteins and in acidic mucus substances (Viscuso 
et al.  1996 ). Oviductal secretions of the American migratory grasshopper 
( Melanoplus sanguinipes ) contain proteins, and the oviducts of the blister beetle 
( Lytta nuttali ) produce a carbohydrate-protein substance. The cytoplasm of the ovi-
duct epithelial cells in the migratory locust ( Locusta migratoria ) and other 
Acridoidea are rich in RNA and proteins (Gillott  1988 ). 

 The transcriptomes and proteomes of  Drosophila  have been compared in 
unmated females and in females at 3 h after mating (Kapelnikov et al.  2008 ). These 
studies identifi ed proteins and transcripts that are involved in the terminal differen-
tiation of the oviduct. Although these analyses were done at an early post-mating 
time point, they also potentially highlight mating-responsive proteins and tran-
scripts that are secreted into the lumen and thus contribute to the oviduct environ-
ment post-mating. Gene ontology analysis of oviduct-expressed proteins revealed 
that proteins related to cytoskeleton, developmental process, and muscle contrac-
tion, were signifi cantly overrepresented. Mating-responsive proteins were classifi ed 
as either muscle-specifi c or involved in epithelial cell morphogenesis, which may 
indicate regulatory changes affecting epithelial and muscle activity and/or structural 
properties that would lead to functional changes in the oviduct environment after 
mating (Kapelnikov et al.  2008 ). Transcriptome analysis of the oviduct at 3 h post- 
mating identifi ed  antimicrobial peptides   (Kapelnikov et al.  2008 ). Constitutive pro-
duction of  antimicrobial peptides   is observed along the reproductive tract of 
 Drosophila  to protect it from infections and guarantee a safe environment for the 
reproductive events (Tzou et al.  2000 ). In addition, mating induces a high expres-
sion of the  antimicrobial peptides    cecropin  ( cec )  A1  and  A2 ,  attacin  ( att )  A  and  B  
and CG9080 within the oviducts (Kapelnikov et al.  2008 ). These components of the 
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humoral  immune responses   of the fl y are secreted and protect the oviducts and the 
laid  eggs   from environmental challenges.   

11.6.2      Uterus   

 The  uterus   receives activated  eggs   (Heifetz et al.  2001 ) from the oviducts, and is the 
site of  fertilization  . The  Drosophila   uterus also   supports    the early stages of embryo-
genesis, and causes deposition of the fertilized  egg   onto the substratum where the 
 embryo   will fi nish its development. The  uterus   also orchestrates processes essential 
at the early post-mating stages, when  sperm   are introduced into the female repro-
ductive tract, allowing sperm movement into the oviduct or the  sperm    storage   organs 
(Miller  1950 ; Heifetz et al.  2000 ; Carney and Taylor  2003 ; Mack et al.  2006 ; 
Schnakenberg et al.  2012 ; Avila et al.  2015c ). 

 The  uterus   (or bursa) of  Drosophila  is an elongated muscular pouch surrounded 
by several layers of circular musculature (Miller  1950 ). The uterine epithelium is 
composed of small cuboidal cells with a chitinous intima. Overall, the epithelial 
layer shows a convoluted intracellular membranous structure and extensive micro-
villi on the apical surface, which is consistent with their secretory activity and is 
similar to what is seen in the oviduct. Muscular fi bers extending postero-laterally 
and ventrally from the  uterus   to the abdominal tergite and sternite enable greater 
expansion of lumen when the  egg   is passing through. The ducts of the paired  par-
ovaria   and the  sperm    storage   organs, the  spermathecae   and  seminal receptacle  , 
extend from the anterior part of the  uterus   (Miller  1950 ; Heifetz and Rivlin  2010 ). 

 The  uterus   of an unmated  Drosophila  female is contracted, with a thin lumen. 
Soon after mating (±30 min) the  uterus   distends in stages to expose a large lumen 
(±480 μm long and ±200 μm in diameter), where initially the male ejaculate and 
 sperm   are contained (Adams and Wolfner  2007 ; Mattei et al.  2015 ). The distention 
also extends the oviduct, facilitating the release of one  egg   from the ovary. The  egg   
is released posterior-end fi rst, so that when it comes to rest within the  uterus   (which 
clamps down to hold it Mattei et al.  2015 ) its micropyle (the site for  sperm   entry) is 
positioned adjacent to the opening of the  sperm    storage   organs.  Sperm   released 
from  storage   then enter the micropyle and penetrate the  egg’s   oolema (Nonidez 
 1920 ; Sonnenblick  1950 ). The initial events leading to  fertilization   are poorly 
understood in  Drosophila  and we know little about any secretions potentially pro-
duced by the  uterus  . 

 In  Drosophila , the  parovaria   and spermathecal secretory  cells      (SSC) that secrete 
material into the uterine lumen regulate/mediate processes essential for successful 
 fertilization  . Knockdown of both glands’  secretory cells   (i.e. SSC and  parovaria  ) 
early during pupal stage leads to female sterility (Allen and Spradling  2008 ). 
Furthermore, ablation of the  SSC   before mating, reduced female  egg  -laying rate 
and delayed  embryo   release from the  uterus   up to a very late developmental stage 
(Schnakenberg et al.  2011 ). The importance of  SSC   and  parovaria  l products for 
female fertility leads to the hypothesis that the uterine lumen may contain a combi-
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nation of secreted products derived from these glands and products produced in the 
uterine secretory epithelia. Together, such products create the right environment for 
 sperm   to fertilize  egg  s and for  eggs   subsequently to be laid.  

11.6.3      Sperm    Storage   Organs 

 Many animal species are able to store  sperm   effectively allowing progeny produc-
tion at times when mating can no longer occur, and/or coordinating reproductive 
physiology for prolonged  egg   laying. It is therefore likely that an important function 
of the female secretions is to maintain the viability of the stored  sperm    (Bloch Qazi 
et al.  2003 ; Heifetz and Rivlin  2010 ; Schnakenberg et al.  2012 ). Indeed, such a role 
is supported by  in vitro  studies in  Hymenoptera  (den Boer et al.  2010 ), where female 
secretions have been shown to dampen negative effect on  sperm   viability caused by 
seminal fl uid from other males. 

 Female  D. melanogaster  have three storage organs. These organs, which store 
about 1/3 to 1/4 of the  sperm   received during a mating, are connected to the anterior 
of the  uterus  . One organ is the long coiled tubular  seminal receptacle  ; the others are 
a pair of  spermathecae  . The  seminal receptacle   generally holds ~60 % of stored 
sperm, and the spermathecal cap stores the remainder (Avila et al.  2012 ). It is 
thought that the  sperm   from the  seminal receptacle  s are used fi rst, and that the  sper-
mathecae   provide longer-term  storage   of sperm. 

11.6.3.1       Seminal Receptacle   

 The seminal receptacle is a coiled and narrow blind-ended long tube that stores 
 sperm   initially, and for the shorter term (Miller  1950 ; Pitnick et al.  1999 ; Miller 
et al.  2001 ; Pattarini et al.  2006 ). Although the seminal receptacle was originally 
thought to be simply a container for sperm, recent studies suggest that it may play 
an active secretory role to establish an optimal environment for  sperm    storage   and 
fertility (Prokupek et al.  2009 ,  2010 ; Heifetz and Rivlin  2010 ). 

 The length of the seminal receptacle varies from 1.6 to 3.5 mm (Miller et al. 
 2001 ; Miller and Pitnick  2003 ). Although it can infl uence the number of  sperm 
  stored, larger size is not proportional to a higher sperm-storage effi ciency. Females 
with very long seminal receptacles sometimes exhibited defi cient  fertilization   and 
lower hatching rates (Miller and Pitnick  2003 ). The proximal portion has a slit-like 
narrow lumen and connects to the anterior end of the  uterus   below the common 
 oviduct  . The distal portion of the seminal receptacle ensures wide space for  sperm 
   storage   (Miller  1950 ; Hihara and Hihara  1993 ; Heifetz and Rivlin  2010 ). The lumen 
of the seminal receptacle is lined with a thin cuticle and is surrounded by a layer of 
 secretory cells  , a basement membrane, and a helically coiled layer of muscle 
(Blaney  1970 ). In unmated females, the receptacle is fi lled with liquid, which 
appears as a coagulum; in mated females the lumen is fi lled with active swimming 
spermatozoa (Manier et al.  2010 ). 
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 Electron microscopy of the seminal receptacle of 3-day-old unmated and mated 
 Drosophila  females suggests that the proximal and distal regions of the seminal 
receptacle differ in their mechanism of secretion (Heifetz and Rivlin  2010 ). The 
proximal epithelium has densely packed, long microvilli covered by a thick extra-
cellular matrix that contains electron-dense fi lamentous material. The distal epithe-
lium, in contrast, has highly arranged brush border microvilli, covered by a thin 
extracellular matrix. Electron-dense material and numerous vacuoles can be 
observed in the apical cytoplasm of the cells, indicating that this epithelium is also 
secretory (Heifetz and Rivlin  2010 ). 

 Although we know little about the exact nature of the seminal receptacle secre-
tions, the results of evolutionary EST studies of seminal receptacles of unmated and 
mated females give us an idea about this organ’s functionality (Prokupek et al.  2009 , 
 2010 ). Gene expression at 3 h after the start of mating showed that 29 % of the 
transcripts that are uniquely expressed in the seminal receptacle encode proteins 
that possess a secretion signal. These include molecules with odorant-related func-
tions, such as odorant binding (Obp57a, CG1124 and CG13027) that could be 
involved in guiding  sperm   to the seminal receptacle. Lipid and carbohydrate metab-
olism genes are the largest functional class in the seminal receptacle. For example, 
CG17323 and CG11289 encode glycosyltransferases that hydrolyze terminal sugar 
residues in different glycoconjugates and were predicted to have a role in sperm–
 egg   interactions (Tulsiani et al.  1998 ; Zitta et al.  2006 ; Allen and Spradling  2008 ; 
Prokupek et al.  2010 ). Lipid and carbohydrate metabolism enzymes can also break 
down complex energy sources for use by  sperm   in  storage  . Genes encoding protease 
inhibitors are over-expressed in the seminal receptacle. Their products could poten-
tially regulate proteolysis and/or coagulation of seminal fl uid or might regulate/
interact with female molecules inside or outside the seminal receptacle. In addition, 
7 % of the genes up-regulated in the seminal receptacle at 3-and 6 h after the start of 
mating are involved in  immune response    (e.g. drosomycin, defensin, relish, the Toll 
receptor) (Prokupek et al.  2008 ,  2010 ). Other transcripts whose expression changed 
at 6 h after the start of mating are suggested to play roles in nerve impulse transmis-
sion and chemosensory sensing (probing male secretions), ion transport and protein 
kinase regulation which some are mediators of the secretory machinery (Prokupek 
et al.  2009 ). The suite of transcripts up-regulated in the seminal receptacle at differ-
ent times after the start of mating suggests the possibility that this tissue’s secretions 
keep  sperm   viable, but also may have roles beyond the storage of sperm. Those roles 
could, in theory, include sensing of molecular cues brought with the  sperm   from the 
male that could in turn affect the secretions made by the seminal receptacle.   

11.6.3.2      Spermathecae   

  The spermathecae are a pair of mushroom-shaped organs that in addition to holding 
 sperm   for long periods (long term  sperm    storage  ) appear to maintain and release 
sperm, thereby potentially facilitating  sperm   competency for  fertilization   and regu-
lating  egg   laying rate (Neubaum and Wolfner  1999 ; Pitnick et al.  1999 ; Heifetz and 
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Rivlin  2010 ; Schnakenberg et al.  2011 ; Sun and Spradling  2013 ). Although the 
number and sizes of spermathecae varies among fl y species, all spermathecae con-
sist of a dark chitinous capsule in which the  sperm   are stored and that is connected 
to the anterior end of the  uterus   by a duct (Miller  1950 ; Bloch Qazi et al.  2003 ; 
Heifetz and Rivlin  2010 ). The capsule is surrounded by a thin layer of epithelial 
cells, a layer of cuboidal secretory glandular cells, and a thick layer of fat body 
cells. Thus, two types of secretion, a glandular and a fat body–derived, may be pro-
duced by the spermathecae (Lazareva et al.  2007 ; Heifetz and Rivlin  2010 ). Each 
spermathecal gland cell (SSC) represents a single secretory unit and contains a cup- 
shaped, inner cavity (i.e. end apparatus) lined by extensive microvilli, connected via 
a small duct to the lumen of the capsule. This lumen is fi lled with spermatozoa early 
after mating (Miller  1950 ; Filosi and Perotti  1975 ; Gillott  1988 ). 

 Several studies indicate that  Drosophila  spermathecae secrete factors that main-
tain  sperm   viability in both the spermathecae and  seminal receptacle  . Filosi and 
Perotti ( 1975 ) report that the  SSC  s produce a laminar secretion that increases in 
volume after mating. Based on histochemical staining, they suggest that this secre-
tion is composed of glycoproteins or lipoproteins, and that it may play a nutritive 
role in maintaining  sperm   for prolonged periods (Clements and Potter  1967 ; Filosi 
and Perotti  1975 ). Simultaneous disruption of spermathecal and  parovaria  l develop-
ment using  lozenge  ( Lz ) and  hormone receptor-like 39  ( Hr39 ) mutants resulted in 
female sterility (Allen and Spradling  2008 ). In both mutants, one or both sperma-
thecae were absent, nevertheless, normal amounts of  sperm   appeared to be stored in 
the  seminal receptacle  . One interpretation of these data is that the spermathecae 
(and or  parovaria  ) plays a crucial role in  sperm   support and release. In less severe 
 Hr39  mutants with generally normal spermathecae and  parovaria  , laminar secretion 
and fertility are reduced (Allen and Spradling  2008 ). The role of spermathecal 
secretory  cells      in particular was initially dissected by Schnakenberg et al. ( 2011 ). 
These authors identifi ed transcriptional regulatory regions for two genes 
[ Spermathecal endopeptidase 1  ( Send1 ) and  Send2 ] that are specifi cally expressed 
in  SSC  . They used these regulatory regions to drive genetic ablation of the SCC 
pre- and post-mating. The results of those experiments showed that  SSC   are required 
to recruit  sperm   to the spermathecae, and to mediate  sperm   motility in the  seminal 
receptacle   and  egg  -laying. Interestingly,  SSC   ablation pre-mating resulted in reten-
tion and internal development of  embryos   in the female’s  uterus   (Schnakenberg 
et al.  2011 ). Further information about the roles of the spermathecal secretory  cells      
was obtained by Sun and Spradling ( 2013 ). Using modulation of the secretory  cell 
  development through  Hr39 , they demonstrated that at least 80  secretory cells   are 
required for normal reproductive function. Furthermore, two mechanisms of secre-
tion were suggested. The fi rst is the canonical mechanism that involves transit of 
secretory products via the endoplasmic reticulum – Golgi – plasma membrane net-
work). Function of this mechanism in  SSC  s is necessary for normal  sperm    storage  . 
The second secretion mechanism is different from the canonical one, and is medi-
ated by  Hr39.  When it is inhibited in  SSCs  ,  ovulation   is slowed and  egg  -laying is 
reduced by 50 % (Sun and Spradling  2013 ). Thus, the secretory products of the 
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spermatheca can impact the competence of the  sperm   in the spermathecae, and the 
functionality of the  seminal receptacle   and the ovaries. 

 We know little about the molecular identity of the  SSC   secretions. Transcriptome 
and evolutionary EST analysis of  Drosophila  spermathecae in unmated and mated 
females (Allen and Spradling  2008 ; Prokupek et al.  2008 ,  2009 ) gives us an idea 
about likely protein classes found in these secretions. Of the 42 genes examined in 
the evolutionary EST analysis, 23 (55 %) are predicted to have signal peptides. 
Transcripts encoding serine  proteases   with secretion-signal peptides were highly 
enriched in the spermatheca (Prokupek et al.  2008 ). The expression level of serine 
 proteases    CG9897  and  CG17239  in spermathecae of unmated and mated females, 
respectively (3-and 6 h after the start of mating) was the highest (Prokupek et al. 
 2009 ).  CG17239  remains the highest expressed gene in spermatheca at 3 days after 
mating (Allen and Spradling  2008 ), suggesting that its product plays an important 
role in proteolytic processes inside, and possibly outside, the spermatheca. The 
importance of serine  proteases   comes from the fact that these enzymes can poten-
tially interact with  seminal proteins   and assist, for example, in the maturation of 
 sperm   or in the release of SP’s C-terminal active fragment from sperm. The  prote-
ases   could play roles antagonistic to male “interests”, such as by degrading  seminal 
proteins  , or that are cooperative with the male’s interests, such as by regulating the 
cleavage of  seminal proteins   to their active forms (Lawniczak and Begun  2004 ; 
McGraw et al.  2004 ; Heifetz et al.  2005 ; Peng et al.  2005b ; Prokupek et al.  2010 ). 
Prokupek et al. ( 2009 ) further compared the transcriptomes of  sperm    storage   organs 
from unmated and mated females. Among over-represented categories of mating- 
responsive genes, were genes involved in metabolism (i.e. lipid, monosaccharide) 
and electron transport, particularly in spermathecae. At 3 h after the start of mating, 
transcript categories upregulated in spermathecae included biosynthesis of macro-
molecules and protein targeting; later at 6 h after the start of mating, metabolism 
(carboxylic acid, lipid, monosaccharide, coenzyme), biosynthesis, heme-binding 
and peptidase activity were up-regulated. Prokupek et al. ( 2009 ) suggested that the 
induction of metabolism-related genes in spermathecae are associated with storing 
motile  sperm   for long periods.    

11.6.4      Female Accessory Glands       ( Parovaria  ) 

 The parovaria are pair of small secretory organs that connect to the  uterus   by a deli-
cate duct close to the spermatheca (Miller  1950 ). The gland is composed of a mono-
layer of  secretory cells  , each of which has a large vacuole with acidophilic granules 
that are polarized towards the gland lumen. The lumen, which is lined by a thick 
intima, contains fi ne granular secretions. Similar-looking secretions are also embed-
ded in the fat body that surrounds the parovaria and the  spermathecae   (Miller  1950 ). 

 The parovaria are highly specialized and their function varies among insects. 
Studies conducted in insects indicate that parovarial secretions are important for 
female reproductive success. In Diptera, parovaria produce  antimicrobial peptides   
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(medfl y,  Ceratitis capitata , Manetti et al.  1997 ), oviposition-stimulating or -inhibit-
ing  pheromones   (sand fl y , Lutzomyia longipalpis , Dougherty et al.  1992 ), secretions 
that induce contraction of the  oviducts   during oviposition (house fl y,  Musca domes-
tica , Wagner et al.  1993 ) and components that contribute to the  fertilization   process 
which modify the micropyle cap of the  egg   and take part in the acrosomal reaction 
( M. domestica , Degrugillier  1985 ). 

 Few reports have highlighted the secretory potential of the parovaria because of 
the minute size of the organs; this presents a challenge for their study. The involve-
ment of parovarial secretions in  sperm   maintenance, release and fertility was shown 
when both  spermathecae   and parovaria were ablated by mutation of  Hr39  (Allen 
and Spradling  2008 ). Sun and Spradling ( 2013 ) targeted gland  secretory cells   (sper-
matheca and parovaria) by knocking down  hnt  expression during pupal development 
using  lz-Gal4  driver. They found that secretory  cell  -defi cient females have defects 
in  ovulation   and deposit signifi cantly fewer  eggs   than controls. Defects in  ovulation   
were also observed when the authors used  dpr5-Gal4  (specifi c for the secretory 
lineage of the reproductive tract) to knock down  hnt  and other genes. Disabling the 
function of  secretory cells   from both glands also produced defects in  sperm    storage  , 
 sperm   motility and fertility (Sun and Spradling  2013 ). Identifi cation of a driver 
specifi c to the  secretory cells   of parovaria will enable us to delineate the role of the 
gland  secretory cells   and the interaction between the  SSC   and  parovaria   that possi-
bly, together with fat body secreted products determine the reproductive success of 
a given female.   

11.7     Taking Control – Female Secretions Shape Later 
Reproductive Functionality 

 Once male secretions have started the “poised” female reproductive machinery, the 
female reproductive tract takes over to orchestrate a signaling network that will 
control and coordinate  ovulation  ,  sperm   release,  fertilization  , and  egg   laying 
(Heifetz et al.  2014 ; Mattei et al.  2015 ; Carmel et al.  2016 ). The players in this 
intricate coordination are both chemical and mechanical. The former comprises a 
diverse set of molecules, including those with hormone-like or  neuromodulator 
  activities, as well as those that can modify the acidity or ionic environment of the 
reproductive tract. In some cases, it is known that mating alters the presence, 
amount, or distribution of these molecules; in other cases, this has not yet been 
investigated. 

 Studies of  oviduct   innervation in  Drosophila  reveal that the female  oviduct   
receives aminergic, peptidergic (type II) and glutamatergic (type I) input 
(Monastirioti  2003 ; Heifetz and Wolfner  2004 ; Cole et al.  2005 ; Middleton et al. 
 2006 ; Yang et al.  2008 ). Interestingly, mating induces a signifi cant increase in type 
II innervation along the reproductive tract (Kapelnikov et al.  2008 ; Rubinstein and 
Wolfner  2013 ), suggesting changes in ability to produce the  neuromodulators  . 
Heifetz et al. ( 2014 ) used whole-mount immunocytochemistry to examine the pres-
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ence, locations and levels of signaling molecules (i.e.  octopamine  , serotonin, and 
dromyosuppressin (DMS); also known as  neuromodulators  ) in the reproductive 
tracts of unmated and mated females. They showed that each region of the unmated 
 Drosophila  female reproductive tract has a unique region-specifi c combination of 
signaling molecules and that each aspect of mating (sperm, seminal fl uid proteins, 
physical/mechanical stimuli) affected the distribution patterns and levels of particu-
lar signaling molecules (Heifetz and Wolfner  2004 ; Heifetz et al.  2014 ). The char-
acteristic combination of signaling molecules at each region could potentially 
modulate specifi c downstream cascade/s essential for the environment and function 
of that region, which are then altered in response to mating. Male components could 
alter the combination of signaling molecules by acting directly on cells in the female 
reproductive tract or indirectly by affecting the female’s central nervous system 
(Arthur et al.  1998 ; Yang et al.  2009 ; Rezaval et al.  2012 ; Haussmann et al.  2013 ). 
For example, the seminal  protein    ovulin   triggers an increase in the number of syn-
aptic sites by  octopamine   neurons on the reproductive tract after mating, leading to 
the stimulation of  ovulation   after the start of mating (Rubinstein and Wolfner  2013 ). 

 The coordinated changes in the level of  neuromodulators   with time after mating 
could affect the environment and could coordinate different functions needed along 
the reproductive tract. This could occur at the mechanical level (by affecting muscle 
contraction, organ shape changes, etc.) and potentially at the chemical level by 
affecting gene expression. However, we know little about what happens to the neu-
romodulation once female takes control (i.e. 24 h after the start of mating; Carmel 
et al.  2016 ), nor whether the profi le of signaling molecules is stable as long as there 
are  sperm   in  storage  . 

 The pH of the reproductive tract environment is critical for  gamete   function. The 
pH of each region of the female reproductive tract should be optimized to facilitate 
the movement of  gametes   or to provide the ideal environment for their maintenance 
and functionality. In organisms where this has been studied, it has been shown that 
arrival of seminal fl uid after mating induce changes in the pH of the reproductive 
tract (e.g. Liu et al.  2012 ; Atikuzzaman et al.  2015 ; Suarez  2016 ). Although it is not 
known whether pH differs at different regions of the  D. melanogaster  reproductive 
tract, a hint that it might be regulated differentially comes from the expression of the 
Esp ( epidermal stripes and patches ) transporter, a molecule that mediates exchange 
of intracellular sulphate.  Esp  is expressed in both types of  sperm    storage   organ of 
 Drosophila  (Chintapalli et al.  2007 ; Prokupek et al.  2010 ) and its RNA levels are 
signifi cantly lower in the spermatheca than in the  seminal receptacle   before and 
after mating (Prokupek et al.  2009 ). It has been hypothesized that Esp activity could 
reduce the anionic environment in the lumen of these storage organs to facilitate SP 
release from the  sperm   membrane (Findlay et al.  2014 ). 

 Differences in osmolarity or in the ionic environment of the lumen of reproduc-
tive tract regions could also modulate  gamete   functionality. Several genes essential 
in regulating fl uid homeostasis and osmolarity of the environment, such as putative 
 Aquaporins (AQPs)  , are expressed in the female  D. melanogaster  reproductive 
tract. In humans, 11 different AQP isoforms are expressed in the female reproduc-
tive tract. He et al. ( 2006 ) suggested that their expression in the  oviduct   could affect 
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the production of  oviductal fl uid   by epithelial cells, in order to provide the right 
physiological environment for  fertilization   and early embryonic development. In 
the  Drosophila   oviduct  , the RNA levels of one of these AQPs,     Drosophila  Integral 
Protein (Drip), increased post-mating (Kapelnikov et al.  2008 ). It is possible that 
mating-regulated changes in  AQP   transcript activity in the  Drosophila  female repro-
ductive tract may regulate fl uid homeostasis to provide a favorable environment for 
 egg   activation,  sperm   survival and other essential processes leading to successful 
 reproduction  . Consistent with this,  oocytes   swell within the  oviducts   and  uterus  , 
suggesting that they are taking up water from the surrounding environment. Ionic 
environments within the female reproductive tract also play roles in  gamete   func-
tion, likely in context of osmolarity differences. For example, the wave of calcium 
that is associated with “activation” of  oocytes   to be competent to begin  embryo   
development requires infl ux of calcium (Kaneuchi et al.  2015 ; York-Andersen et al. 
 2015 ). This occurs as the  oocytes   enter the  oviducts  , and thus likely involves cal-
cium from the oviductal environment. 

 In addition to chemical differences between different parts of the reproductive 
tract, at least some of which are regulated by mating, mechanical events in the 
reproductive tract of mated females may control reproductive effi ciency after most 
 seminal proteins   have been degraded. Again here the female “takes over control” 
after the male has initiated the process. An example is the coordination of  ovulation   
and  egg  -laying. Normally, there is rarely more than one  egg   is present in the  ovi-
ducts   and lower reproductive tract of a mated female, even during the peak of  egg  - 
laying. How does the female regulate the rate of  ovulation   to achieve this? Mattei 
et al.’s ( 2015 ) micro-CT scans of female reproductive tracts before, during, and after 
mating suggest that mechanical controls are important in this regulation. In an 
unmated female, the upper oviduct contains a loop that likely impedes  egg   move-
ment from the ovary. Mating relaxes this loop, through induced octopaminergic 
signaling caused by  ovulin   and a tilt of the  uterus   that pulls the  oviduct   straight. This 
allows release of an  oocyte   by the ovary; the  egg   then transits to the  uterus  . When it 
enters the  uterus  , the latter un-tilts, releasing the tension on the  oviduct   and allowing 
it to re-loop. This stops the next egg from ovulating. When the uterine egg is laid the 
 uterus   re-tilts, again exerting a pull on the  oviduct  , stretching the latter and allowing 
the next egg to be released. Continuation of this cycle coordinates  ovulation   and egg 
laying. 

 Thus far, we do not fully understand the interplay between chemical and mechan-
ical cues, nor the extent to which they drive female reproductive success. Studies 
directed at exploring how mechanical signals are converted into changes in intracel-
lular biochemistry and gene expression, or at further understanding how chemical 
signals control mechanical signals, will allow better understanding of these mecha-
nochemical control mechanisms and might increase our chances of enhancing male 
and female fertility.  
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11.8     Concluding Remarks 

 Creating an optimal environment suitable for maintaining  gametes  , supporting their 
union, and moving fertilized egg to its next stage requires tight regulation of the 
tissues, secretions, and microenvironments in the female reproductive tract. Both 
males and females contribute important components to this regulation. Seminal 
fl uid components from a variety of male  reproductive glands   modulate the physiol-
ogy of the female reproductive tract, often moving it from a “poised” state to a state 
that actively supports  gamete   viability, movement, and  fertilization   and, in insects, 
 egg-laying  . The male’s contributions can be hormonal, elemental/nutritive, and 
through molecules that change gene expression, neuromodulation, or physical con-
formation of regions of the reproductive tract. These changes are coordinated by 
their initiation by a single event – the act of mating. In all internally-mating animals, 
these changes can improve the likelihood of  sperm   and egg meeting, and can sup-
port the next steps. In insects such as   Drosophila melanogaster    these next steps 
include timely laying of the egg on a substratum, but in organisms like mammals 
where  embryo   development occurs internally, the changes create an environment 
that results in optimal progeny development and physiology (Bromfi eld et al.  2014 ). 
Interestingly, at least in insects like  Drosophila , once the male has initiated these 
pro-reproductive changes, the female takes over, prolonging effi cient  reproduction   
through her own chemical and physical signaling that was induced by mating. An 
important area for future research will be to determine at the precise molecular level 
how male and female interact to accomplish these changes. The genetic tools avail-
able in the  Drosophila  model system make this the ideal system for such investiga-
tion. For example, these tools have already identifi ed a receptor for one seminal 
 protein    (SPR, the receptor for SP; Yapici et al.  2008 ), allowing study of how these 
work together, and evolutionary rate co-variation studies have identifi ed at least 
three female genes ( Esp ,  hadley  and  fra mauro ; Findlay et al.  2014 ) that are needed 
to further transduce the action of the SP to the female. In another example, genetic 
studies have shown that the seminal  protein    ovulin   induces the females’ octopami-
nergic signaling (Rubinstein and Wolfner  2013 ), to stimulate  ovulation  . Identifying 
the molecular basis of how males and females interact molecularly to regulate the 
latter’s reproductive tract microenvironments and their composition will provide 
important insights into mechanisms for successful  reproduction   and the production 
of healthy offspring.     
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    Chapter 12   
 Molecular and Structural Properties 
of Spider Silk                     

     Taylor     Crawford     ,     Caroline     Williams     ,     Ryan     Hekman     ,     Simmone     Dyrness     , 
    Alisa     Arata     , and     Craig     Vierra    

    Abstract     Spider silk has extraordinary mechanical properties, outperforming some 
of the best-known man-made and natural materials in the world. Over the past 300 
million years, spiders have evolved to produce high performance fi bers that are 
uniquely designed to encompass high-tensile strength and toughness. As scientists 
have pursued a deeper understanding of the biochemical properties of silk, investi-
gators have discovered that spiders are capable of spinning multiple fi ber types that 
exhibit diverse mechanical properties. These differences are largely attributed to 
unique combinations of silk proteins spun into the fi bers and the primary, secondary, 
and tertiary structure of the silk proteins in the fi bers. Because of the outstanding 
properties of spider silk and its potential to serve as a next generation biomaterial, 
researchers have been racing to replicate synthetic spider silk. In this book chapter, 
we summarize the molecular and chemical properties of different silk types in spi-
ders, their biological functions, and mechanisms of silk extrusion, assembly, and 
post-spin draw. We also discuss strategies that are being implemented for large- 
scale production of recombinant silk proteins using a variety of heterologous 
expression systems, explore purifi cation protocols, and review the different spin-
ning methodologies that are being applied for synthetic silk production.  

12.1       Introduction 

 Over the past three decades, the number of reviews, books, and scientifi c research 
articles highlighting the material properties of spider silk has been increasing at a 
rapid rate. More than 45,000 species of spiders (class Arachnida, order Araneae) 
and a large number of aquatic and terrestrial insects, notably in the order  Lepidoptera  , 
have evolved the ability to spin silk. Silks are defi ned as fi brous material that is 
extruded into the environment, largely being comprised of proteinaceous 

        T.   Crawford      •    C.   Williams      •    R.   Hekman      •    S.   Dyrness      •    A.   Arata      •    C.   Vierra      (*)
  Department of Biological Sciences ,  University of the Pacifi c ,   Stockton ,  CA   95211 ,  USA   
 e-mail: taylor.rabara@gmail.com; cwilliams2@pacifi c.edu; rhekman@pacifi c.edu; 
simmonedyrness@gmail.com; aarata@u.pacifi c.edu; cvierra@pacifi c.edu  

mailto:taylor.rabara@gmail.com
mailto:cwilliams2@pacific.edu
mailto:rhekman@pacific.edu
mailto:simmonedyrness@gmail.com
mailto:aarata@u.pacific.edu
mailto:cvierra@pacific.edu


446

substances. Perhaps, one of the best-characterized  fi ber  s represented is cocoon silk, 
which is derived from the domesticated  silkworm  ,   Bombyx mori   . Cocoon silks are 
composed of two core silk proteins along with an outer adhesive protein known as 
 sericin  . Scientists can obtain 300–1200 m of usable  fi ber   from a single  silkworm   
cocoon after alkaline and heat treatment to remove the  sericin   layer. As the develop-
ment of new  biomaterial  s is becoming a pressing need for humanity, the scientifi c 
community has focused on exploring potential uses of natural materials that offer a 
broad range of diverse  mechanical properties  . Spider silk has outstanding material 
properties and certain threads, such as dragline silk, outperform Nylon, Kevlar, and 
high-tensile steel with respect to strength and toughness (Gosline et al.  1999 ). 
Spiders spin a plethora of different silk types with unique  mechanical properties  , 
having evolved specialized abdominal  biofactories   or silk-producing glands to syn-
thesize structural proteins known as  fi broin  s. New methodologies are emerging for 
large-scale production of recombinant  fi broins  , processing, and extrusion of  fi bers   
via mimicking conditions that resemble natural  fi ber   synthesis, setting the stage for 
scientists to develop novel  biomaterials  . Throughout history, spider silk has served 
as materials for gill and dip nets, fi shing lures, and ceremonial dresses. In fact, 
ancient Australian  aborigines   and natives of New Guinea have utilized spider silk as 
fi shing lines, head gear, and bags (Lewis  1996 ). Spider silk has also been used for 
crosshairs in a number of different optical devices, including microscopes, tele-
scopes and guns due to its small diameters (Lewis  1996 ; Gerritsen  2002 ). 
Additionally, in medieval and Roman times, people have used cob-webs as ban-
dages to wrap wounds and promote wound healing, a property largely due to the 
unique biochemical characteristics of spider silks (Bon  1710 ). These properties 
include biocompatibility, slow degradability, and high tensile strength. More 
recently, spider silk has been utilized as artifi cial supports for nerve generation 
(Allmeling et al.  2006 ). Although the Chinese have harvested cocoon silk from 
 silkworms   for over 5000 years, spider silks are not readily attainable through con-
ventional farming practices. Spiders are cannibalistic in nature, venomous, and 
“milking” these organisms to collect  fi bers   on large-scale formats is impractical. 
Because of these barriers, scientists have turned to the utilization of recombinant 
DNA methodologies to clone spider silk genes for expression in a wide range of 
different organisms. The black widow spider,   Latrodectus hesperus   , a cob-weaver, 
is rapidly becoming a model organism of  arachnid  s for the study of spider silk syn-
thesis and extrusion. The long-term goal for scientists is to manufacture large quan-
tities of artifi cial spider silk  fi bers   for a variety of diverse applications, including 
medicine, engineering, and defense. In this book chapter, we will explore the diver-
sity of spider silks and  fi broins  , their natural extrusion process, the systems that 
have been used for heterologous expression of recombinant spider silk proteins, and 
synthetic spinning techniques.  
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12.2     Diversity of Spider Silk 

12.2.1     Different Spider Silk Glands 

 Over 300 million years of natural selection, spiders have evolved different silk- 
producing glands that have become quite specialized in synthesizing different  fi bro-
ins   or  spidroins   (a contraction of the words  spid er and  fi b roin   ). These  spidroins   can 
be spun into  fi bers   that exhibit diverse  mechanical properties  , providing important 
biological functions that are critical for survival in the environment. Each gland is 
equipped to produce  fi bers   with specialized functions and the resultant  fi bers   serve 
important and distinct roles including locomotion (dragline silk), prey wrapping 
(aciniform silk), protection of eggs (tubuliform and aciniform silks), prey capture 
(dragline and aggregate glue silk) and web construction (dragline and attachment 
disc silks; Table  12.1 ). Based upon ecological and histochemical studies, the pri-
mary roles of the silk-producing glands are (1) synthesis of  spidroins   and glue com-
ponents; (2) transport of silk proteins out of the cells; (3) production of proteins that 
prevent spidroin and glue component degradation while stored in the storage com-
ponent; (4) assembly and extrusion of the materials.

   Through microdissections and histological studies, the scientifi c research com-
munity has advanced its knowledge of the morphological features of the silk- 
producing glands, revealing that these structures have quite distinct physical 
appearances. Anatomical studies support that black widow spiders contain 7 distinct 
silk-producing glands, including the major and minor ampullate glands (MA and 
MI), tubuliform (TB), aciniform (AC),  pyriform   (PY),  fl agelliform   (FL) and aggre-
gate glands (AG; Fig.  12.1 ). Each gland has its own tubing or “hose-like” structures 
that allow the liquid  spinning dope      to be extruded as materials exit from the spin-
neret. Thus, an individual spider can extrude multiple silk types simultaneously, 
allowing the spider to produce a host of different composite materials.

   Table 12.1    Different silk-producing glands and biological functions of the extruded  fi ber   types 
from orb- and  cob-weavers     

 Silk type and biological function 

 Silk type  Function 

 Major ampullate  Locomotion, web frame, scaffolding  fi bers  ,  gumfoot lines   
 Minor ampullate  Prey wrapping, temporary spiral capture silk 
  Flagelliform    Secretion of materials to prevent web degradation, 

 major constituent of capture spiral 
 Aciniform  Prey wrapping, protection of eggs 
 Tubuliform  Protection of eggs 
 Aggregate  Adhesive droplets on  gumfoot lines   
  Pyriform    Fastening dragline silk and joining scaffolding  fi bers   
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12.2.2        Morphological Features of the Silk-Producing Glands 

 Most research to date has been conducted on the major ampullate (MA) gland, 
largely because its characteristic  ampulla   shape and enormous size relative to other 
silk-producing glands make it easy to identify during dissections. Anatomical stud-
ies reveal the MA gland consists of three regions: a tail,  ampulla  , and  spinning duct   
(Fig.  12.1c ). Specialized epithelial cells are found in the tail region, functioning to 
manufacture and secrete vast quantities of dragline silk proteins. These spidroin 
proteins are then stored as a  spinning dope      in the  ampulla  , a bulb-like structure. The 
concentration of the  spinning dope      can approach 30 % weight/volume (w/v) in the 
 ampulla  . As the liquid is pushed into the  spinning duct  , which is a long S-shaped 
structure, it undergoes a phase transition into a solid material. 

  Fig. 12.1    Different silk-producing glands from a female black widow spider after microdissec-
tion. ( a ) Five of the seven silk-producing glands are shown; glands are 1 = MA; 2 = MI; 3 = TB; 
4 = AG; 5 = FL; ( b ) Two of the seven silk-producing glands; glands are 6 = AC; 7 = PY; ( c ) MA 
gland; ( d ) MI gland; ( e ) AC gland; ( f ) TB gland; ( g ) PY gland; ( h ) FL gland; ( i ) AG gland       
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 The minor ampullate (MI) gland resembles the morphology of the major ampul-
late gland, but it is smaller in appearance (Fig.  12.1a ). Both MA and MI glands are 
whitish in color and found in pairs within an individual spider (Fig.  12.1c–d ). 
Tubuliform glands, which are often pigmented, such as an orangish coloration in  L. 
hesperus  female species, are present as two sets of three (6 tubules) and are long 
cylindrical structures (Fig.  12.1f ). Aciniform glands resemble small “hot-dog” 
shaped structures and are found in clusters, also displaying a whitish appearance 
(Fig.  12.1e ). The  fl agelliform   and aggregate glands are often intertwined in the 
abdomen of the spider, and share somewhat similar morphological features and 
transparent coloration (Fig.  12.1h–i ). Lastly, the  pyriform   gland, which is pear- 
shaped and whitish in color, is one of the most diffi cult glands to remove as an intact 
structure due to its multiple lobules (Fig.  12.1b, g ) (Jeffery et al.  2011 ). Histochemical 
analysis reveals that the  pyriform   gland has two distinct parts called the excretory 
duct and the secretory sac, which contains two unique secretory cell types (Kovoor 
and Zylberberg  1980 ; Kovoor and Zylberberg  1982 ). Dissection of the  pyriform   
gland followed by isolation of intact RNA has been a challenging task for many labs 
across the globe. Aside from the major and minor ampullate glands, the other fi ve 
silk-producing glands have distinct morphological characteristics (Fig.  12.1 ).  

12.2.3     Different Silk Types and Biological Functions 

 Dragline silk has been extensively studied at the molecular and mechanical level. It 
is commonly known as a “safety line” for spiders because this  fi ber   type is extruded 
when they fall from their webs, serving as the principle  fi ber   type for locomotion. 
Spiders drop from webs by extruding dragline silk, which is cemented to the web by 
secretion of  pyriform   silk (Fig.  12.2a ). Pyriform silk, which forms  attachment discs  , 
is comprised of small diameter  fi bers   that are extruded in an adhesive substance that 
dries quickly and fastens dragline silk to web  fi bers  , concrete, wood, glass, plant 
materials, and other abiotic and biotic materials (Blasingame et al.  2009 ; Geurts 
et al.  2010a ). Black widow spiders also utilize dragline silk for web construction in 
three different locations: the web frame, scaffolding, and  gumfoot lines  . Scaffolding 
 fi bers   constitute the majority of the web and are interconnected in a three- 
dimensional manner (Fig.  12.2b ). Gumfoot lines are threads that run in a vertical 
fashion. These  fi bers   are attached to the scaffolding of the web and the ground and 
are coated with glue droplets (Fig.  12.2c ). Constituents of the glue droplets are 
likely derived from the aggregate gland, serving to enhance prey capture (Blackledge 
et al.  2005 ).

   The precise biological function of minor ampullate silk is unknown in  cob- 
weavers  . One study, however, has reported crickets being wrapped with MI silk 
suggesting that it plays a role in prey wrapping similar to aciniform silk (La Mattina 
et al.  2008 ). In addition to prey wrapping, aciniform silk appears to be involved in 
the protection of eggs, being spun and interweaved with tubuliform silk to form  egg 
sacs   (Fig.  12.2e ) (Hayashi et al.  2004 ; Hu et al.  2005b ; Vasanthavada et al.  2007 ). 
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Aciniform  fi bers   have diameter sizes that are approximately 500 nm, while tubuli-
form threads are an order of magnitude larger, having diameter sizes of 5 μm 
(Vasanthavada et al.  2007 ).  Egg sacs   represent the easiest silk type to collect from 
female spiders;  egg sacs   are largely comprised of tubuliform silk (Fig.  12.2e ). In 
 orb-weavers  , the  fl agelliform   gland has been shown to extrude spiral capture silk. 

  Fig. 12.2    SEM images of different  fi ber   types spun by the black widow spider. ( a ) Pyriform silk 
in attachment discs; ( b ) Scaffolding silk; ( c ) Glue droplets on a gumfoot thread; ( d ) Wrapping silk 
on a cricket; ( e ) Egg sac (tubuliform and aciniform); and ( f ) Connection joints       
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Since the webs of black widow spiders lack spiral capture threads, this  fi ber   type 
appears to be absent, raising the question regarding the function of the  fl agelliform   
gland in  cob-weavers  . As data continues to surface, it appears that the  fl agelliform   
glands function in black widow spiders to extrude peptides that coat scaffolding 
 fi bers  , egg cases,  attachment discs  , and  gumfoot lines   to function as antimicrobial 
agents, likely slowing down web degradation in the natural environment.  

12.2.4     Genes and  Spidroins   

  In the past few years, full-length gene sequences have been reported for a number 
of spidroin family members, including the  m ajor  a mpullate   sp idroins   ( MaSp1   and 
 MaSp2  ),   mi nor ampullate  sp idroin (MiSp)  ,   ac iniform  sp idroin (AcSp1),   and  tu buli-
form  sp idroin ( TuSp1  )    (Table  12.2 ) (Ayoub et al.  2007 ,  2013 , Chen et al.  2012 ). 
Partial  cDNA   sequences coding for  pyriform    spidroins   (PySps) and other proteins 
identifi ed in the different silk types have been reported as well (Blasingame et al. 
 2009 ; Perry et al.  2010 ). Similar to other structural proteins that are found in nature, 
the basic spidroin architecture can be summarized as consisting of internal block 
 repeat   modules that are fl anked by non-repetitive N- and  C-terminal domains   ( NTD   
and CTD). For example, the central domains of  MaSp1   and  MaSp2   are composed 
of approximately 100 tandem copies of internal  block repeats   that are 25–35 amino 
acids in length and are fl anked by highly conserved non-repetitive N- and  C-terminal 
domains   (Table  12.3 ) (Ayoub et al.  2007 ). Spidroin family members are distin-
guished by having differences in their internal block  repeat   modules. These differ-
ences include having variable lengths and different amino acid compositions 
specifi c to each spidroin member. The  NTD   and CTD, which are both approxi-
mately 100 amino acids long, are highly conserved at the amino acid level between 
spidroin family members, suggesting these domains serve important biological 
functions during the spider  silk assembly   pathway (Fig.  12.3a–b ). The  NTD   includes 
a secretion signal that is removed in the processed, secreted spidroin (Fig.  12.3a ). 
 NMR   studies of recombinant  NTD   and CTDs expressed and purifi ed from bacteria 

   Table 12.2    Different silk-producing glands and  spidroins   and other silk proteins extruded from 
the glands   

 Different silk glands and spidroins 

 Silk gland   Fiber   proteins 

 Major ampullate   MaSp1  ,  MaSp2  , AcSp1,  CRP  s 

 Minor ampullate   MiSp1   
  Flagelliform     SCP  -1,  SCP  -2 
 Aciniform  AcSp1 
 Tubuliform   TuSp1  , ECP- 1  , ECP- 2   
 Aggregate  AgSF1, AgSF2, ASG2 
 Pyriform  PySp1 
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reveal three-dimensional structures that are similar, having a fi ve-helix bundled 
structure (Hagn et al.  2010 ; Parnham et al.  2011 ). In  MaSp1   and  MaSp2  , the CTD 
forms a parallel-oriented dimeric fi ve-helix bundle and is stabilized through the 
formation of an intermolecular disulfi de bond between a conserved  cysteine   residue 
that resides within helix 4 of the monomer (Hagn et al.  2010 ).  SDS  -PAGE analysis 
of recombinantly expressed proteins in bacteria has shown that dimeric complexes 
are present under oxidizing (non-reducing) conditions, supporting the importance 
of the  cysteine   residue in protein dimerization and spidroin aggregation. Site- 
directed mutagenesis of the  cysteine   to a serine within the  MaSp1   CTD was also 
shown to eliminate dimerization and affect  fi ber   formation, further supporting the 
critical role of the  cysteine   residue and the assembly process (Fig.  12.3b ) (Ittah et al. 
 2007 ). The stability of the  NTD   and CTDs and solubility is regulated by the forma-
tion of protons and CO 2  generated by  carbonic anhydrase   (Andersson et al.  2014 ). 

           Table 12.3    Comparison of the ensemble repeats and core units in  L. hesperus  spidroin family 
members       
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  Fig. 12.3    Alignment of the conserved non-repetitive domains of  L. hesperus  spidroin family 
members. ( a ) N-terminal domain ( NTD  ); ( b ) C-terminal domain (CTD).  Asterisk  represent identi-
cal residues;  single  and  double dots  represent amino acids with similar properties. N-terminal 
section signals or conserved  Cysteine   residues are shown in  bold text        

A)

MaSp1 ---MTWSTRLALSFLFVLCT--------QSLYALAQANTPWSSKANADAFINSFISAASN
MaSp2 MTTMNWSTRLVLSILVVLCT--------QSLCALGQANTPWSSKENADAFIGAFMNAASQ
MiSp1 ---MHIPAQLSL-LFLLLCA--------QSFVSLDAAS-VWDSTATAEAFIGSFNSGMER
AcSp1 ---MNWLTSLSLIFILAFVQNVQVEGRKGHHHSSGSSKSPWANPAKANAFMKCLIQKIST
TuSp1 ---MVWLTSTVLLASLLGTLG----LPANSLSGVSASVNIFNSPNAATSFLNCLRSNIES

* : * . . : : . * :*: .: . .

MaSp1 TGSFSQDQMEDMSLIGNTLMAAMDNMGGRI--TPSKLQALDMAFASSVAEIAASEGGDLG
MaSp2 SGAFSSDQIDDMSVISNTLMAAMDNMGGRI--TQSKLQALDMAFASSVAEIAVADGQNVG
MiSp1 SGVLSRSQMDDISSISDTIISAIE-RNPNN--SKSKLQALNMAFASSVSEIAFSENNGIS
AcSp1 SPVFPQQEKEDMEEIVETMMSAFSSMSTSGGSNAAKLQAMNMAFASSMAELVIAEDADNP
TuSp1 SPAFPFQEQADLDSIAEVILSDVSSVNTAS---SATSLALSTALASSLAELLVTESAEED

: :. .: *:. * :.::: .. . :. *:. *:***::*: ::.

MaSp1 ----VTTNAIADALTSAFYQTTGVVNSRFISEIRSLIGMFAQASANDV------------
MaSp2 ----AATNAISDALRSAFYQTTGVVNNQFITGISSLIGMFAQVSGNEV------------
MiSp1 N--SAKIQAIIDALRGAFLQTIGTVDQTFLNEISSLVKMFSQVSAENAV-----------
AcSp1 DSISIKTEALAKSLQQCFKSTLGSVNRHFIAEIKDLIGMFAREAAAMEEAGDEEEETYPS
TuSp1 ID--NQVVALSTILSQCFVETTGSPNPAFVASVKSLLGVLSQSASNYEFVETADESIAAN

*: * .* .* * : *: : .*: :::: :.

B)

MaSp1 -----------SVAAPAAAAASALAAPATS--------------------ARISSHASAL
MaSp2 ----------SSVASSAASAASALSSPTTH--------------------ARISSHASTL
MiSp1 ---------GGSASATISSAASRLSSPSSS--------------------SRISSAASSL
PySp1 -SSSESASSSEAESSSYAQSASSFHSHTSSNAALTSSAHQLVSAAAKRRIASLSQAMSSV
TuSp1 --QVIVPTAYSTLLAPVLSPAGLASTAATSRIN-----------------DIAQSLSSTL
AcSp1 GGESSQFSGLDSNIGLVGTQDVAIGVSQPVDISLNNILDSPQGLKSPQASSRINRLSSSV

: . . . *::

MaSp1 LSNGPTNPASISNVISNAVSQIS-SSNPGASACDVLVQALLELVTALLTIIGSSNIGSVN
MaSp2 LSSGPTNAAALSNVISNAVSQVS-ASNPGSSSCDVLVQALLEIITALISILDSSSVGQVN
MiSp1 ATGGVLNSAALPSVVSNIMSQVS-ASSPGMSSSEVVIQALLELVSSLIHILSSANIGQVD
PySp1 ISGGRVNYAALSSSLSGLASEIQ-NES-NLSKTEVLVEALLETLSALLDSITP-------
TuSp1 SSGSQLAPDNVLPGLIQLSSSIQ-SGNPDLDPAGVLIESLLEYTSALLALLQNAQITTYD
AcSp1 VNALGPNGLDINNFSDGLRTTLSQLSSSGLSKKEAAIETLMEAMVALLQVLNSAQVNQVD

. : : :. . . . . :::*:* :*: :

MaSp1 YDSSGQYAQVVTQSVQNAFA
MaSp2 YGSSGQYAQIVGQSMQQAMG
MiSp1 FNSVGNTAAVVGQSLGAALG
PySp1 IKSPGSEENFVESVLQAFP-
TuSp1 AATLPAFNTALVNYLVPLV-
AcSp1 TSSTVVTSSSLAKALSSLF-

: : . :
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12.2.5          Transcriptomic Analysis of the MA Gland 
and Proteomic Analysis of Dragline Silk 

 MA silk is the silk type most thoroughly characterized and studied silk type by the 
scientifi c community. During the early 1990s, scientists started to unravel the 
molecular constituents of MA silk from the golden orb weaver spider,   Nephila cla-
vipes   . By solubilizing MA silk followed by proteolytic digestion, and then sequenc-
ing of the peptide fragments using the Edman degradation procedure, investigators 
were able to obtain MA spider silk gene sequences. These peptide sequences were 
used to generate DNA probes to screen a  cDNA   library prepared from MA tissue. 
This led to the identifi cation of partial  cDNA   sequences for  MaSp1   and  MaSp2  , the 
two main protein constituents of MA  fi bers   (Xu and Lewis  1990 ; Hinman and Lewis 
 1992 ). Subsequent studies have led to the retrieval of these full-length genomic 
DNA sequences and their regulatory sequences from  L. hesperus  (Ayoub et al. 
 2007 ). Each gene consists of a single enormous exon (>9000 base pairs), coding for 
polypeptides that are highly repetitive and masses that exceed 250-kDa. Glycine 
and alanine residues represent more than 64 % of the amino acids in the spidroin 
protein sequences (Fig.  12.4a–b ). Both glycine and alanine codons are GC-rich, 
consisting of GGN and GCN triplets, respectively. At the wobble position of the 
codons there is a biased nature for adenine (A), which likely serves an important 
role to reduce GC-rich secondary structure in the large  MaSp1   and  MaSp2   mRNA 
transcripts, which can exceed 10 kilo-bases.

   Chromosome mapping of dragline silk genes using fl uorescent  in situ  hybridiza-
tion has revealed 3 copies of the  MaSp1   gene and a single copy of the  MaSp2   gene 
in the spider genome of  L. hesperus  (Zhao et al.  2010 ). Analysis of the primary 
sequences of the  spidroins   has shown that they are highly modular in their architec-
ture.  MaSp1   and  MaSp2   contain internal  block repeats   that consist of poly-alanine 
domains [poly-(A)/GA] and glycine-rich domains, and in the case of  MaSp2  , it also 
contains Gly-Pro-Gly (GPG) motifs. These GPG motifs have been proposed to form 
type II beta-turns, playing an important role in the extensibility of dragline silk. The 
internal  block repeats   are about 24–41 amino acids in length (Table  12.3 ). Sequence 
comparisons of MaSps from other species revealed the poly-alanine regions consist 
of 4–7 alanine residues and the X position is commonly occupied by Q, Y, or L in 
the GGX segments (Ayoub et al.  2007 ). The complete genetic blueprints for  MaSp1   
(one of the three loci) and  MaSp2   were published for  L. hersperus  (Ayoub et al. 
 2007 ). Similar to  N.   clavipes  , these blueprints showed that  MaSp1   and  MaSp2   also 
consist of one large exon that translates into a highly repetitive polypeptide. The 5′ 
and 3′ ends of the exon code for the non-repetitive conserved N- and  C-terminal 
domains  , respectively.  MaSp1   was demonstrated to contain four types of ensemble 
repeat units that can be iterated up to 20 times, with each one consisting of a glycine- 
rich region followed by a poly-A region (Table  12.3 ; sizes are 25–35 amino acids). 
The repetitive region of  MaSp2   has also been characterized to consist of four types 
of ensemble repeat units, but these repeat units show more variability relative to 
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  Fig. 12.4    Predicted amino acid composition of  spidroins   and ECP- 1   from  L. hesperus . ( a )  MaSp1  ; 
( b ) MaSp2; ( c )  MiSp1  -like; ( d ) AcSp1; ( e )  TuSp1  ; and ( f ) ECP- 1  . Amino acid percentages (e.g. G, 
A, L etc.) can be read in a  clockwise  fashion       

 MaSp1   (Table  12.3 ). In addition, the ensemble repeats for  MaSp2   are not always 
strung together in the same order. 

 Transcriptome studies from  L. hesperus  have identifi ed 647 silk gland-specifi c 
transcripts ( SSTs  ),    including mRNAs coding for silk  fi ber   components, as well as 
proteins involved in oxidation-reduction, protein degradation, and somewhat para-
doxically, inhibition of protein degradation (Clarke et al.  2014 ). Seventy-fi ve per-
cent of the  SSTs   were not able to be assigned a functional annotation by an 
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association with a  Gene Ontology (GO)   term. Twenty-fi ve percent of the GOs 
assigned to the  SSTs   reveal enrichments for proteins involved in oxygen-related 
functions, including  oxidoreductase  s, oxidation-reduction,  monooxygenase  , iron 
ion binding, heme binding, and choline dehydrogenase. There were also elevated 
SST levels for  peptidase   inhibitors and  peptidases  . The presence of  peptidase   inhib-
itors could serve to protect the  spidroins   against protein degradation, while the  pro-
teases   could be used to degrade all non-exported or improperly synthesized 
 spidroins  . Included in the transcriptome list were families for aggregate gland silk 
factor 2 (AgSF2), aggregate spider glue  2   (AgSG2), ECP- 1  , and glycine-rich pro-
teins that have no well-defi ned annotation. Potential orthologs of the capture spiral 
protein, Flag, which has not been discovered in black widow  fi bers  , were also dis-
covered in the multi-tissue transcriptome analysis (Clarke et al.  2014 ). 

 Interestingly, in a different study using massively parallel signature sequencing 
( MPSS  )    to profi le mRNA expression patterns of the MA gland and  cephalothorax   
(fused head-body) of  L. hesperus , elevated  TuSp1   transcripts were unexpectedly 
detected in the MA gland. However, no studies have shown that the translated prod-
ucts are spun into MA  fi bers  , suggesting that  TuSp1   transcripts are subject to nega-
tive translational regulation in the MA glandular tissue (Lane et al.  2013 ). All three 
 MaSp1   loci are transcriptionally active and detailed analysis of the 3′ UTRs reveal 
that these molecules undergo alternative  polyadenylation  . When comparing  MaSp1   
loci transcript levels, loci 2 was approximately 4 times more abundant relative to 
loci 1 and 3, supporting that loci 2 is responsible for the dominant product in female 
black widow spiders. When quantifying  MaSp1   and  MaSp2   levels,  MPSS   studies 
have revealed 3:1 ratios of  MaSp1   to  MaSp2  , which is consistent with the amino 
acid composition profi les of dragline silk from  L. hesperus  (Casem et al.  1999 ; 
Ayoub et al.  2007 ). Somewhat surprisingly, among the most highly expressed genes 
in the MA gland that could be annotated were predictions for  fasciclin  ,  elongation 
factor 1-alpha  , and  lectin   (Lane et al.  2013 ). In addition, at least two different genes 
encoding transcription factors were also shown to have elevated expression in the 
MA gland. One of these products was previously identifi ed and shown to belong to 
the  basic helix-loop-helix (bHLH)   family of transcription factors. This factor was 
dubbed Silk Gland Subset  Factor   ( SGSF  ) based upon its expression pattern in a 
subset of the silk-producing glands in  cob-weavers   (Kohler et al.  2005 ). Members 
of this family are known to regulate important processes such as cellular prolifera-
tion, differentiation, and neurogenesis. The biological function of  SGSF   in spiders 
is currently unknown, but  electrophoretic mobility shift assays (EMSA)   have shown 
that  SGSF   is capable of binding to the  consensus sequence   CANNTG (N = any 
nucleotide), also known as an E-box site, when it dimerizes with class I  bHLH 
  members, such as Daughterless (Kohler et al.  2005 ). Because DNA sequence analy-
sis of the  MaSp1   and  MaSp2   promoter regions reveals the presence of conserved 
E-boxes, it is intriguing to speculate that  SGSF  , given its elevated expression pat-
tern in the MA gland, could participate in the transcriptional regulation of the drag-
line silk genes (Ayoub et al.  2007 ). 

 MS/MS studies performed on solubilized dragline silk subject to in-solution 
tryptic digestion have confi rmed the presence of  MaSp1   and  MaSp2   in the  fi bers   of 
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 L. hesperus.  At the same time, these have failed to detect peptides derived from 
 TuSp1   (Pham et al.  2014 ). Collectively, these studies support the  TuSp1   transcript 
detected by the transcriptome analysis of the MA gland is subjected to translational 
regulation. During this same analysis, a new family of low molecular weight 
 cysteine- rich proteins (CRPs)   were also shown to be major constituents of the  fi bers   
(Pham et al.  2014 ). In addition, a more recent proteomic analysis of the major and 
minor ampullate glands, along with the tubuliform gland from  L. hesperus  was 
reported (Chaw et al.  2015 ). These studies have confi rmed the presence of the  CRPs 
  in the  spinning dope      of the MA gland and, somewhat surprisingly, the presence of a 
previously characterized spidroin from the aciniform gland, AcSp1. At this point in 
time, it is unclear of the role of AcSp1 in dragline silk which warrants further inves-
tigation. Several other proteins were also identifi ed in the MA gland, including 
aggregate spider glue  2   (AgSG2),  alpha-2 macroglobulin (A2M),    carboxylic ester 
hydrolase (CEH)  , dimethylaniline  monooxygenase   (FMO3)   , and a putative  triacyl-
glycerol lipase (PTL)   (Chaw et al.  2015 ). Although the precise role of these other 
constituents is unclear, it would appear they play an important role in the  silk assem-
bly   pathway.  

12.2.6     Minor (MI) Ampullate Silk 

 In contrast to MA silk proteins, solution state conformational studies using Fourier 
transform infrared spectroscopy (FTIR) with deuterated-labeled MI silk proteins 
reveal a signifi cant fraction of α-helical structure and reduced beta-sheet structure 
(Dicko et al.  2004a ). Moreover, solid-state  NMR   studies performed on MI  fi bers   
support that the conformation of alanine residues are more heterogeneous when 
compared to alanine residues in MA silk, displaying a larger fraction of alanine resi-
dues in a non-beta sheet conformation (Liivak et al.  1997 ). Several research groups 
have characterized the mechanical behavior and microstructure of orb-weaver MI 
silk. Despite over 100 million years of divergence, different species show similari-
ties in their  mechanical properties   of MI silk. Tensile tests demonstrate that MI 
 fi bers   exhibit similar  breaking stress   values relative to MA  fi bers  . However, when 
these  fi bers   are submerged in water, dried, and subjected to mechanical testing, MA 
and MI  fi bers   behave differently. The plasticizing effect of water on MA  fi bers   is 
much stronger, showing a three order of magnitude reduction in the initial  elastic 
modulus   after exposure to water (Guinea et al.  2012 ). In this manner, MI silk does 
not show a supercontraction effect and its behavior in water is more similar to  B. 
mori  silk. Because MI silk does not exhibit supercontraction when placed in water, 
it has advantages over MA silk for biomedical applications or processes that cannot 
tolerate structural changes due to humidity or increased aqueous environments. 
SEM analyses of  fi bers   collected from   Nephila inaurata    and   Argiope trifasciata    
reveal mean diameter sizes of 1.8 μm (Guinea et al.  2012 ), which is smaller relative 
to diameter sizes of MA  fi bers  . 
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 By using a multidimensional PCR approach, the full-length gene sequence of 
 MiSp1   from the orb-weaver   Araneus ventricosus    was shown to consist of two exons 
and a single intron (Chen et al.  2012 ). The predicted transcript length is 5440 bases, 
encoding a protein that contains 1766 amino acid residues. Similar to other spidroin 
family members, the architecture of  MiSp1   is organized into non-repetitive N- and 
 C-terminal domains   and a predominantly repetitive region composed mainly of gly-
cine and alanine (Fig.  12.4c ).  A. ventricosus   MiSp1   contains more sequence and 
length variation within its internal  block repeats   (repetitive regions) than  L. hespe-
rus   MaSp1  . The repetitive region of  MiSp1   is comprised of three distinct regions; 
these regions are referred to as region I, II, and III. The poly-Ala (A) motif occurs 
frequently within region I, but it is the most frequent in region III (the longest 
region), where it appears 8 times. These repetitive regions consist of 4 types of 
motifs: GX (X = A, Q, I, V, E, S, and D), GGX (X = A, S, V, E, and Y), GGGX and 
short poly-A repeats. Although the poly-A repeats are longer and more abundant in 
 MaSp1   primary sequences, (GA) n  motifs are more highly represented in MI  spidro-
ins  . It has been hypothesized that the (GA) n  iterations, similar to poly-A blocks, 
form beta-sheet structures in the silk (Hayashi et al.  1999 ). Region I and II, as well 
as region II and III, are interrupted by two spacer regions that are serine-rich. The 
spacer regions are predicted to form alpha-helical structures.  Kyte and Doolittle 
hydropathy profi le  s predict an alternating profi le of hydrophobicity (poly-A motifs) 
and hydrophilicity (glycine-rich regions) for  A. ventricosus   MiSp1   over its entire 
sequence (Chen et al.  2012 ). Somewhat surprising, despite the close evolutionary 
relationship, the  A. ventricosus   MiSp1   repetitive region is different from sequences 
reported from translated partial  cDNA  s from  MiSp1   and  MiSp2   of  N.    clavipes    
(Colgin and Lewis  1998 ). Several other labs have published partial  cDNA   sequences 
for  MiSps   or  MiSp1  -like molecules, including nucleic acid sequences from cob- 
weaver spiders (Table  12.3 ) (Gatesey et al.  2001 ; La Mattina et al.  2008 ). In  orb- 
weavers  ,  MiSp1   is spun into temporary spiral capture silk, whereas in  cob-weavers  , 
it has been shown to be present within silk collected from wrapped crickets (La 
Mattina et al.  2008 ). 

 Analysis of the N-terminal  domain   of  A. ventricosus  predicts fi ve alpha helices, 
which is similar to the solution-state conformation determined by  NMR   using the 
 NTD   of recombinant  MaSp1   (Parnham et al.  2011 ). There are two  cysteine   residues 
that reside within helix 1 and 4 of the  A. ventricosus   MiSp1    NTD   that are well con-
served in the NTDs of  TuSp1  , CySp1,  MaSp2   and  MiSp1  , suggesting that these 
residues participate in the formation of an intradisulfi de linkage. When analyzing 
the  C-terminal domain   of  A. ventricosus , glycine, alanine, serine and valine repre-
sented 64 %. In contrast to most other domains,  cysteine   was absent in the  A. ventri-
cosus   MiSp1    C-terminal domain.     
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12.2.7     Aciniform Silk 

 Spiders use this silk type for wrapping prey, building sperm webs, producing web 
decorations, and for constructing  egg sacs   (Hu et al.  2006b ). Thus far, biochemical 
studies support that aciniform silk consists of a single protein,  aciniform spidroin 1 
(AcSp1)   (Hayashi et al.  2004 ; Vasanthavada et al.  2007 ). Full-length and partial 
 cDNA  s coding for AcSp1 or AcSp1-like molecules have been reported in the scien-
tifi c literature. Analysis of the full-length cDNA sequence from   Argiope trifasciata    
reveals 14 copies of internal block  repeat   modules that are highly homogenous. 
AcSp1 internal  block repeats   have lengths that are approximately 200 amino acids, 
which are considerably longer relative to ensemble repeats found within the protein 
chains of  MaSp1   and  MaSp2  . However, in  L. hesperus  these  block repeats   are 376 
amino acids (Table  12.3 ). Non-repetitive N- and  C-terminal domains   are present 
within the AcSp1 primary sequence. However, using the protein sequence of the 
AcSp1 CTD,  phylogenetic analysis   supports it is more evolutionary divergent rela-
tive to major and minor ampullate and  fl agelliform   silk proteins (Hayashi et al. 
 2004 ). Moreover, translation of the AcSp1  cDNA   sequence shows that the amino 
acid composition is substantially lower in glycine and alanine content relative to the 
dragline silk  fi broins   (Fig.  12.4d ). Despite the lower levels of glycine and alanine, 
mechanical testing on aciniform silk reveals these  fi bers   display higher toughness 
values (ability to absorb more energy per unit volume without failing) relative to 
major and minor ampullate silk (Hayashi et al.  2004 ). 

 Raman spectra of the luminal content from aciniform glands reveal that  N.    clavi-
pes    AcSp1 adopts a 50 % alpha-helical state in solution, but during extrusion the 
protein chain undergoes a conformational transition. After extrusion, the secondary 
structure of AcSp1 displays 24 % alpha-helical and 30 % beta-sheet structures in the 
solid  fi bers   (Lefevre et al.  2011 ). Solution-state  NMR   spectroscopy has been used 
to investigate the atomic-level structure of the internal block  repeat   recombinant 
AcSp1 from  A.    trifasciata   . In these studies, a 199 residue repeat unit (called W 1 ; 
lacks CTD) was demonstrated to have a well-folded, tightly packed ellipsoidally- 
shaped helical core in solution from amino acid residues 12–149, fl anked by 
unstructured N- and C-terminal tails (Tremblay et al.  2015 ). The tightly packed 
ellipsoidally-shaped helical core consists of a 5-helix bundle structure. This struc-
ture was shown to have high thermal stability and can undergo reversible denatur-
ation at 71 °C. Under near-physiological conditions it can also form self-assembled 
 nanoparticles   (Xu et al.  2013 ).  

12.2.8     Tubuliform Silk 

 Female spiders manufacture tubuliform silk and use it to construct  egg sacs   to help 
protect their offspring during development. It is typically manufactured during the 
reproductive season. Partial  cDNA   sequences coding for the main constituent of 
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tubuliform silk, tubuliform spidroin 1 ( TuSp1  ), have been reported from  orb- 
weavers     Argiope aurantia   ,   Araneus gemmoides    and   Nephila clavipes    (Tian and 
Lewis  2005 ). In addition, partial  cDNA  s coding for  TuSp1   in the cob-weaver,  L. 
hesperus , has been isolated by  cDNA   library screens (Hu et al.  2005b ). Analysis of 
the primary amino acid sequences of  TuSp1   reveals that it lacks common silk mod-
ules that are present within major and minor ampullate  fi broins   (e.g. GGX, GPGXX, 
poly-A, and spacer regions). Instead, it shows a complex architecture with distinct 
motifs embedded within 184 ensemble block  repeat   segments, including S n , (SQ) n  
and GX (X represents Q, N, I, L, A, V, Y, F or D) (Table  12.3 ) (Hu et al.  2005b ; Tian 
and Lewis  2005 ). Relative to  MaSp1   and  MaSp2  ,  TuSp1   has lower amounts of Gly 
and Ala, but higher levels of Ser and Thr (Fig.  12.4e ). Somewhat unexpectedly, the 
 MaSp1   and  MaSp2   transcripts have been detected in tubuliform glands of  L. hespe-
rus , but no  MaSp1   or  MaSp2   protein constituents have been reported within  egg 
sacs  . Full-length  cDNA   sequences for  TuSp1   have been reported for the orthologs 
CySp1 and CySp2, two silk proteins that are manufactured by the cylindrical (tubu-
liform) glands of the wasp spider,   Argiope bruennichi    (Zhao et al.  2006 ). The 
 C-terminal domain   of  TuSp1   has been shown to have little, if any, similarity to other 
silk  fi broin   family members, suggesting this  fi broin   represents an evolutionarily 
ancient silk protein that is spun into tubuliform silk (Garb and Hayashi  2005 ; Tian 
and Lewis  2006 ). Cylindrical and tubuliform glands are identical structures, but in 
the scientifi c community the terms are often used interchangeably. Despite the 
absence of poly-A block  repeat  s in the  TuSp1   protein architecture,  TuSp1   is still 
capable of adopting nanocrystallite beta-sheet structures in  fi bers  ; the motifs 
AASQAA, AAQAA, and AAQAASAA have been shown to be responsible for 
beta-sheet formation (Table  12.3 ) (Tian and Lewis  2006 ). 

 Although  TuSp1   is a major constituent of tubuliform silk, two other proteins, 
Egg Case Protein- 1   and 2 (ECP- 1   and ECP- 2  ), have been identifi ed by MS/MS 
analysis of peptide fragments derived from egg cases; these molecules were discov-
ered by solubilizing  egg sacs   from  L. hesperus  with chaotropic agents, followed by 
in-solution tryptic digestion (Hu et al.  2005a ,  2006a ). Similar to  MaSp1   and  MaSp2  , 
the ECPs contain large amounts of Gly and Ala (Fig.  12.4f ). ECP- 1   and ECP- 2   lack 
well-defi ned internal block  repeat   modules as well as the conserved, non-repetitive 
 NTD   and CTDs that are hallmark features of traditional spidroin family members. 
Additionally, these proteins have lower molecular weights relative to  spidroins  , 
with predicted masses of approximately 80-kDa instead of >200-kDa masses that 
are commonly reported for  spidroins  . ECP- 1   and ECP- 2   have highly conserved 
N-termini, sharing 16 Cys residues found within the fi rst 153 amino acids (Hu et al. 
 2006a ). These N-termini are markedly divergent from the  NTD   of other spidroin 
family members. Using recombinant ECP- 2   proteins purifi ed from bacteria, syn-
thetic silk  fi bers   were produced by wet-spinning methodologies, supporting these 
molecules have properties that are fi broin-   like. These  fi bers   show comparable 
 mechanical properties   relative to synthetic silk  fi bers   produced from recombinant 
 MaSp1   molecules (Gnesa et al.  2012 ).  
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12.2.9      Pyriform Silk 

  Pyriform   silk was the last  fi ber   type to be characterized at the biochemical level. 
This  fi ber   type, which is also referred to as piriform silk, is spun from a pear-shaped 
structure located in the abdomen that exits a short duct opening into a nozzle-like 
 spigot   (Kovoor and Zylberberg  1982 ). Numerous spigots on the spinneret serve to 
extrude fi bers that form a mesh-like structure (Wolff et al.  2015 ). Pyriform silk 
serves to fasten dragline fi bers to surfaces with a minimum of material consump-
tion, providing a function that is central to spider locomotion. Pyriform silk is 
secreted into a liquid material that polymerizes rapidly (less than a second) under 
ambient conditions, forming a structure referred to as an attachment disc.  Attachment 
discs   are highly stable structures, capable of surviving in the natural environment 
for years. Similar to other spider silk types, these structures are biodegradable, bio-
compatible, and extremely versatile. SEM and biochemical analyses of  attachment 
discs   show these structures are coated with a glue-like cement containing nanofi -
brils enclosed in a presumptive lipid-based material which creates a meshwork 
organization that facilitates stress distribution and crack arrestment when placed 
under a load (Geurts et al.  2010b ; Wolff et al.  2015 ). The macroscopic structure of 
 attachment discs   is the product of a highly conserved behavioral program that 
involves precise movement of the abdomen, which generates countless parallel 
loops of crossing silk threads (Eberhard  2010 ). It has been reported that an attach-
ment disc from a golden orb-weaver,   Nephila senegalensis   , can hold 4–6 times its 
body weight when fi xed to a glass surface (Wolff et al.  2015 ). Given the unique 
design of these  biomaterials  , the elucidation of the intrinsic composite structure of 
 attachment discs   from different spider species has tremendous value for the devel-
opment and engineering of new nanocomposites that are light-weight in nature. 

 The proteins that comprise  pyriform   silk were fi rst reported from the cob-weaver, 
 L. hesperus  (Blasingame et al.  2009 ). The major protein constituent was named 
 pyriform   spidroin 1 (PySp1) (Blasingame et al.  2009 ). Shortly following the identi-
fi cation of PySp1 from  cob-weavers  , a protein with similar biological function was 
identifi ed from  orb-weavers   – this molecule was dubbed  pyriform   spidroin 2 
(PySp2) or PiSp1 (Geurts et al.  2010b ; Perry et al.  2010 ). To date, no full-length 
gene sequences have been published for  pyriform    spidroins   ( PySps  =  PySp1  and 
 PySp2 ), only partial  cDNA  s are available in the public DNA databases. Translation 
of the  PySp   cDNA  s reveal conventional internal  block repeats   that are 376 amino 
acids and a non-repetitive  C-terminal domain    (Table  12.3 ). Theoretical amino acid 
composition analyses of the translated  cDNAs  , demonstrate these spidroin family 
members contain the highest quantity of hydrophilic residue content relative to 
other family members. The high content of polar and charged amino acids likely 
functions to provide strong interactions between the secretion fi lm and substrate. 
Undoubtedly, these polar and charged residues within the primary sequences of 
PySps enhance water-solubility, but also likely serve to direct self-assembly of the 
fi bers. Analysis of the protein sequence of PySp2 demonstrates that the internal 
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block  repeat   element has two components: one is classifi ed as a SGA-rich element 
and the other is proline-rich (P-rich) (Geurts et al.  2010a ).   

12.2.10      Flagelliform   Silk 

 The major constituent of capture spiral silk in  orb-weavers   is referred to as the  fl a-
gelliform   (Flag) protein. Capture spiral silk plays a central role to entrap fl ying prey, 
serving as an aerial net. Flagelliform fi bers are coated with glue material that is 
extruded from the aggregate gland, a process that facilitates prey capture (Choresh 
et al.  2009 ). The aqueous glue provides hydration, which aids in the extensibility of 
the fi bers (Vollrath and Edmonds  1989 ). From a mechanical perspective the capture 
spiral represents one of the most elastic materials known and is capable of effec-
tively dissipating the kinetic energy delivered by a prey strike during a collision of 
an aerial insect. To elucidate how the extensibility of capture silk is related to sec-
ondary structure in Flag proteins, translated Flag  cDNA   sequences have been exam-
ined for specifi c patterns embedded within its protein sequence. Interestingly, Flag 
proteins are characterized as lacking poly-A motifs, which is a prominent module 
that contributes to the high tensile strength of MA silk. Despite the absence of poly-
A modules, the motifs in the core of the Flag protein sequence include: (1) GPGGX; 
(2) GGX; and (3) spacer regions (Hayashi and Lewis  1998 ). In some instances, 63 
copies of GPGGX motifs can be found in tandem repeats within the primary 
sequence of Flag. Iterations of this sequence were proposed to form a β-spiral struc-
ture that functions like a  nanospring  , contributing, in part, to the elastic nature of 
 fl agelliform   silk. Thus, the molecular mechanism of elasticity is governed by itera-
tions of the GPGGX motifs that form a series of type II β-turns that are linked 
together in the polypeptide chain. Insight into the biological function of GGX motifs 
has come from stress-strain studies performed with synthetic  fi bers   spun from puri-
fi ed recombinant proteins. Synthetic  fi bers   spun from recombinant proteins engi-
neered to carry different Flag modules support the GGX motif contributes to 
extensibility, whereas the spacer region plays a role in the strength of the recombi-
nant  fi bers   (Adrianos et al.  2013 ). 

 The role of the  fl agelliform   gland in  cob-weavers   is controversial, but it appears 
to have evolved a different ecological function relative to  orb-weavers  . In the three- 
dimensional architecture of cob-webs, capture spiral threads are completely absent. 
Two peptides that are extruded from the  fl agelliform   gland of  L. hesperus  were 
identifi ed and characterized at the biochemical level. These products were named 
spider coating  peptide   1 and 2 ( SCP  -1 and  SCP  -2) (Hu et al.  2007 ).  SCP  -1 was 
shown to have intrinsic metal-binding activity and can be purifi ed from crude pro-
tein lysates prepared from  fl agelliform   glands using nickel metal-ion chromatogra-
phy (unpublished data). Proteomic analyses performed with materials collected 
from different silk types have revealed the presence of  SCPs   within  attachment 
discs  ,  egg sacs  , scaffolding  fi bers   and  gumfoot lines   (Hu et al.  2007 ). Data is emerg-
ing to support that  SCPs   function as anti-microbial agents, helping to protect the 
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web from degradation. Consistent with this hypothesis is the observation that many 
microbes require metal ions for survival and proliferation. The ability of  SCP  -1 to 
sequester metal ions could attenuate microbial growth and slow web degradation. 
Collectively, the evolution of compounds that prevent web degradation is consistent 
with the observation that  cob-weavers   cast webs and leave them in the environment 
for prolonged periods of time.  

12.2.11     Aggregate (Glue) Silk 

 Biological adhesives, such as glues, are used by a wide-range of different organisms 
in the world. Spiders also coat  fi bers   with glue-like substances. In  orb-weavers  , two 
glycoproteins were identifi ed in the aqueous glue-like substance that forms the 
droplets coated on  fl agelliform   silk in  N.    clavipes    (Choresh et al.  2009 ). These pro-
teins have been reported to have unique 110 amino acid repetitive domains that are 
encoded by opposite strands of the same DNA sequence, but this has not been sub-
stantiated by genomic DNA sequencing. Other constituents were discovered in the 
aqueous solution, revealing its complex chemical composition. In addition to the 
two glycoproteins, ASG1 and ASG2 (predicted molecular masses are 38- and 
65-kDa, respectively), high concentrations of water-soluble organic materials that 
include free amino acids, small peptides, neurotransmitter-related molecules, as 
well as low concentrations of inorganic salts were shown to be extruded into the 
droplets (Vollrath et al.  1990 ; Tillinghast et al.  1991 ; Townley et al.  2012 ). Since 
 cob-weavers   lack capture spiral silk, the question arises whether these species pro-
duce glue droplets for their webs. Analysis of the three-dimensional webs of  L. 
hesperus  has revealed the presence of glue droplets at the base of  gumfoot lines  , 
which are vertical lines that function as a spring-loaded trap that pulls walking 
insects into the web (Fig.  12.2c ) (Argintean et al.  2006 ). The adhesion of the drop-
lets serves to immobilize the prey, facilitating the capture of prey. Chemical analy-
ses demonstrate that glue droplets on  gumfoot lines   from  L. hesperus  are composed 
of hygroscopic organic salts and glycoproteins, similar to viscid silks (Jain et al. 
 2015 ). Although the underlying assumption is that the aggregate gland is responsi-
ble for the secretion of this material, a direct linkage of the substances manufactured 
by the aggregate gland and their extrusion into these droplets remains to be 
established. 

 In  cob-weavers   the aggregate gland was shown to extrude molecules that are 
constituents of connection joints (Vasanthavada et al.  2012 ). Connection joints are 
structures that interconnect more than one  fi ber    (Fig.  12.2f ). These structures serve 
as a structural hub to join scaffolding threads together in the web; these hubs also 
function to interlock wrapping silk during prey capture. MS/MS analysis of solubi-
lized connection joints led to the discovery of two proteins dubbed aggregate gland 
silk factor 1 (AgSF1) and aggregate gland silk factor 2 (AgSF2). Western blot anal-
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yses also further confi rmed the co-localization of the AgSFs to connection joints 
(Vasanthavada et al.  2012 ). Inspection of the primary sequences of AgSF1 and 
AgSF2 reveals different protein architectures compared to traditional spidroin fam-
ily members. Interestingly, AgSF1 has iterations of the pentameric QPGSF motif, 
which is an element similar to mammalian  elastin  . In the case of AgSF2, it has 
repetitive elements that have the  consensus sequence   NVNVN. These sequences 
are embedded in a glycine-rich matrix. More extensive biochemical studies will 
need to be performed to elucidate the precise interactions and functions of AgSF1 
and AgSF2 in the connection joints.   

12.3     Natural Silk Extrusion Pathway 

12.3.1      Fiber   Extrusion from the MA Gland 

 Our understanding of spider silk synthesis,  fi ber   assembly, and the extrusion path-
way has been largely derived from studies of the MA gland of the genus  Nephila . In 
the abdomen of  N.    clavipes   , which has bilateral symmetry typical of orb- and  cob- 
weavers  , there are two MA glands that are dedicated for dragline silk production. 
MA glands have been characterized as having four different zones: the tail region 
(responsible for synthesis and secretion of the  spidroins  ), the  lumen   (storage of 
 spidroins  ), the  spinning duct   (responsible for the alignment of silk proteins), and the 
 spigot   (the nozzle that controls  fi ber   extrusion) (Vollrath and Knight  2001 ). 

 The  ampulla   of the MA gland represents a storage vessel for soluble silk proteins 
that are manufactured in specialized columnar epithelial cells that reside in the tail 
region. Using the secretion signal on the N-terminal region of the  spidroins  , these 
epithelial cells secrete the  spidroins   into the  lumen  . The  spidroins   are stored in the 
 lumen   in a highly concentrated liquid crystalline solution that can approach 30–50 % 
(w/v) or 300–500 g/L (Vollrath and Knight  2001 ). Histological studies describe the 
tail region and  ampulla   as having two zones, which are named the A-zone and 
B-zone. Zone A contains a highly elongated and diverging region that consists of 
tall columnar secretory cells, while zone B represents a converging region charac-
terized by more osmiophilic granules and higher peroxidase concentration (Vollrath 
and Knight  1999 ). Following the  ampulla   is the  spinning duct   (S-shaped) which has 
been described as having three  limbs   ( limbs   1, 2 and 3). During the natural spinning 
process, the  spidroins   move from the tail region through the  spinning duct  , where 
these molecules experience biochemical and physical environmental changes. 
These changes are accompanied by a liquid-liquid phase separation that is followed 
by a liquid-solid phase transition that leads to the production of a preliminary silk 
 fi ber   that further experiences some evaporation of water during the drawdown pro-
cess of the last  limb   ( limb   3).  
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12.3.2     Models of Spider Silk Extrusion 

 The natural spider  silk assembly   pathway has been described by two different mod-
els - the liquid crystalline and micelle-coalescence based theories (Vollrath and 
Knight  2001 ; Jin and Kaplan  2003 ). In the liquid-crystalline theory, the newly syn-
thesized proteins, which are unfolded and rod-shaped, adopt a nematic (thread-like) 
liquid-crystalline phase. In this phase, the spidroin protein chains are packed in a 
parallel fashion to each other, but they are perpendicular to the long axis of the tall 
columnar secretory cells (Vollrath and Knight  2001 ). As the  dope   moves through the 
 ampulla  , the long axis fl ips until the packaged structures become parallel with the 
lining of the epithelial walls. This nematic orientation is maintained until reaching 
the second  limb   ( limb   2) of the  spinning duct  , where they are organized into bilay-
ered disks. As the  elongational fl ow   and shear forces accelerate in the third  limb   
( limb   3), it leads to the elongation and alignment of the disc-like structures (Vollrath 
and Knight  1999 ). During this step, the protein chains undergo a conformational 
change, transitioning from  random coil   and polyproline-II helix-like structures to 
protein folds that have large β-sheet content. Spidroin conformational transitions 
have also been proposed to be associated with pH changes that occur between the 
 ampulla   and  spinning duct  . The pH was shown to drop from 7.2 to 6.3, triggering 
 spidroins   to undergo conformational changes that promote  fi ber   assembly (Dicko 
et al.  2004b ). This conformational change has been proposed to result from the 
neutralization of a conserved Asp (D) in the  NTD   of  MaSp1  , which functions as a 
pH sensor to control protein assembly (Gaines et al.  2010 ). Through the combined 
actions of the chemical and physical events, the  spinning dope      becomes gelatinous 
in the distal part of the  spinning duct  , resulting in increased viscosity. Lastly, in the 
third  limb  , the epithelial cells with apical microvilli function to reabsorb water mol-
ecules, helping to produce the fi nal  fi ber   product. 

 In contrast to the liquid-crystalline theory, the micelle theory was largely con-
ceived from the observation that fractured natural silk  fi bers   contain globular struc-
tures within their internal core. In order to build a model consistent with the presence 
of the globular structures and to add clarity to the  silk assembly   mechanism, syn-
thetic fi bers were generated  in vitro  utilizing aqueous solutions of reconstituted  silk-
worm   silk  fi broins   as a  spinning dope      (Jin and Kaplan  2003 ). This model of  silk 
assembly   proposes that spidroin sequences are amphiphilic in nature. The spidroin 
molecules contain short alternating hydrophobic and hydrophilic amino acid 
stretches that are fl anked by larger hydrophilic terminal regions that make the pro-
teins surfactant-like, allowing the protein chains to form  micelles   within the  spin-
ning dope      material. In these  in vitro  studies, it was shown that by increasing the 
concentrations of the  spidroins  , the micelles could coalesce into larger globular 
structures (Jin and Kaplan  2003 ). Furthermore, during extrusion, it was proposed 
that the  elongational fl ow   and shear force placed on the liquid due to the ductal wall 
results in elongation of the globular structures, giving rise to fi brillar morphologies 
that represent the precursor of the spider silk  fi ber   (van Beek et al.  2002 ). 
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 For both theories, the proteins passing through the  spinning duct   experience 
remarkable changes in the environment of the solvent, resulting in salting-out 
effects that are associated with the formation of the silk structure. Potassium and 
phosphate ion concentrations both increase, while there is a decrease in sodium and 
chloride ion concentration, removal of water, and slight drop in the hydrogen ion 
concentration (Vollrath et al.  1998 ; Vollrath and Knight  1999 ; Knight and Vollrath 
 2001 ; Rammensee et al.  2008 ). Through the eloquent usage of these different chem-
ical and physical processes during extrusion, spiders are capable of spinning a wide- 
range of diverse threads that are classifi ed as high performance materials. Natural 
MA silk is renowned for its outstanding material properties. Relative to the tensile 
strength of steel, the  breaking stress   of MA silk is comparable, but it is considerably 
more extensible, leading to a material that is 30 times tougher than steel (Table 
 12.4 ) (Gosline et al.  1999 ). MA silk is also three times tougher than Kevlar, a 
 synthetic  fi ber   that is manufactured in vast quantities by many militaries across the 
globe during the production of  body armor   (Table  12.4 ). In the case of dragline silk, 
these threads have been shown to have  breaking stress   and strain values that are 
approximately 1 GPa and 31 % (Table  12.4 ) (Hu et al.  2006b ). Furthermore, stress- 
strain curve analyses of different spider silk types reveal a diverse range of  mechani-
cal properties   that perform well relative to bone,  elastin  , and carbon  fi ber   (Table 
 12.4 ). In the scientifi c literature, different species of spiders have shown variability 
with respect to the  mechanical properties   of their MA silk. Biophysical studies have 
revealed that MA silk contains a hierarchical architecture where highly organized, 
hydrogen-bonded β-sheet  nanocrystals   from the poly-A blocks are arranged within 
a semiamorphorous matrix that consists of 3 1 -helices and β-turn structures 
(Kummerlen et al.  1996 ; van Beek et al.  2002 ; Lefevre et al.  2007 ).

      Table 12.4     Mechanical properties   of spider silk  fi bers   and other man-made and natural materials   

 Mechanical properties of different materials 

 Fiber 
 Tensile strength 
(MPa) 

 Toughness (MJ/
m 3 )  Extensibility (%) 

  Araneus  dragline  1100  160  27 
  Latrodectus  dragline  996  nd  31.1 
  Latrodectus  Minor ampullate  346  nd  30 
  Latrodectus  Tubuliform  629  nd  71.7 
  Latrodectus  Aciniform  700  290  80 
  Araneus   Flagelliform    500  nd  270 
 Nylon fi ber     950  80  18 
 Kevlar 49  fi ber    3600  50  2.7 
 High-tensile steel  1500  6  0.8 
 Bone  160  4  3 
  Elastin    2  2  150 
 Carbon fi ber     4000  25  1.3 

   nd  no data for sample  
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12.4         Expression Systems for Recombinant Silk Production 

12.4.1     Isolation of Spider Silk Genes 

 Although the Chinese have been harvesting cocoons from  silkworms   for thousands 
of years, farming spiders for large-scale  fi ber   collection is impractical for a variety 
of reasons. Firstly, spiders are cannibalistic, territorial and venomous – all proper-
ties that make them undesirable for domestication. Secondly, the process of “milk-
ing” spiders is more challenging and arduous relative to milking cows, making this 
collection procedure unrealistic, too time consuming, and economically unfeasible. 
To circumvent the inability to domesticate and farm spiders, researchers have 
focused on the biotechnological production of recombinant spider silk proteins as 
alternative strategies. Since silk is largely composed of protein, molecular biolo-
gists and protein chemists have embarked on the development of various gene clon-
ing strategies and heterologous expression systems to manufacture enormous 
amounts of recombinant silk proteins. Because manufacturing spider silk materials 
requires vast quantities of recombinant spider silk protein for the spinning process, 
new creative methods to replicate and express spider silk genes in other organisms 
are being pursued by many companies and research labs across the globe. 

 For investigators to produce recombinant silk proteins in other organisms, nucleic 
acid sequences coding for the spidroin family members must be isolated by molecu-
lar biological approaches, or alternatively, synthetic pieces of nucleic acids must be 
designed and assembled into DNA constructs. When the fi rst members of the spi-
droin family were discovered, labs focused on retrieving spider gene sequences by 
screening  cDNA   libraries prepared from silk-producing glands of orb- or  cob-weav-
ers   by conventional nucleic acid-nucleic acid hybridization (Hinman and Lewis 
 1992 ; Guerette et al.  1996 ; Hayashi and Lewis  2000 ). Although these library screens 
were successful, a limitation of the screens was that most of the clones retrieved 
represented partial  cDNA   sequences. Moreover, due to the construction of the 
libraries, most of the partial  cDNAs   lacked the  NTD   of the spidroin family members 
(Gatesey et al.  2001 ). Despite the availability of other methodologies to clone genes, 
such as polymerase chain reaction (PCR), the utilization of these techniques was 
further limited and hampered by the intrinsic properties found within the gene 
sequences of spidroin family members, which included the presence of repetitive 
 block repeats  , their high GC content (Gly and Ala codons), and their incredibly long 
lengths (>9 kb) (Xu and Lewis  1990 ; Hinman and Lewis  1992 ). Collectively, these 
chemical properties have challenged the reliability and robust nature of PCR to 
amplify repetitive modules in the  fi broin   family members as a single intact product. 
This has forced investigators to screen libraries by conventional methodologies to 
retrieve  cDNAs   that have suitable lengths for expression studies. However, as inves-
tigators have isolated longer  cDNAs   from conventional library screens, challenges 
have surfaced involving basic cloning manipulations of these genes when placed 
into prokaryotic or eukaryotic backgrounds, including fundamental processes, such 
as DNA replication and translation. With technology advancing rapidly and the 
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decreasing costs associated with oligonucleotide synthesis, many research groups 
and companies are pursuing the synthesis of codon-optimized pieces of single-
stranded DNA molecules. These molecules can be annealed and multimerized by 
seamless cloning strategies to produce artifi cial spider silk genes that closely resem-
ble natural  cDNA   sequences (Rabotyagova et al.  2009 ; Teule et al.  2009 ).  

12.4.2     Expression Systems of MA Recombinant Proteins 

 Expression studies of recombinant  spidroins   in prokaryotic and eukaryotic systems 
have explored a variety of different strategies and approaches, including the utiliza-
tion of natural spider silk  cDNA  s, the design of synthetic spider silk genes that are 
codon-optimized for expression, the implementation of spider gene sequences that 
are a combination of synthetic and natural  cDNA   sequences, and the incorporation 
of  cysteine   codons into block  repeat   modules to facilitate disulfi de bond formation 
and crosslinking of recombinant silk protein chains (Table  12.5 ) (Prince et al.  1995 ; 
Grip et al.  2009 ; Teule et al.  2009 ). The majority of the expression studies have 
investigated the production of recombinant silk proteins that represent dragline silk 
constituents using bacterial expression systems (Table  12.5 ). In these reports, inves-
tigators have induced and purifi ed  MaSp1   and  MaSp2   molecules, but a large num-
ber of these proteins have been truncated recombinant silk proteins. These truncated 
 spidroins   have molecular weights that range from 10 to 163-kDa, which is much 
smaller in mass relative to the native sized spidroin. Additionally, these studies have 
predominantly centered on the expression of internal block  repeat   regions, ignoring 
the incorporation of the highly conserved non-repetitive  NTD   and CTDs into the 
recombinant silk proteins. Thus, the synthesis of native-sized  spidroins   in expres-
sion systems has been a challenging barrier to overcome, forcing most investigators 
to synthesize truncated versions of the silk proteins. One strategy that has led to the 
production of recombinant silk proteins that approach native-sized  spidroins   has 
been achieved using synthetic genes that were expressed in a metabolically engi-
neered strain of   Escherichia coli    designed to manufacture elevated levels of the 
glycyl-tRNA pool (Xia et al.  2010 ).

   Because amplifi cation of spider silk genes by PCR is diffi cult due to the repeti-
tive nature of the internal block  repeat  s, new cloning strategies have emerged to 
synthesize artifi cial DNA modules. Artifi cial DNA modules have been constructed 
from short oligonucleotides repeats that are codon-optimized for high level expres-
sion. Multimerization of the oligonucleotide repeats has allowed for fi ne control 
over the recombinant protein size. Expression of truncated  spidroins  , specifi cally 
MaSps, has been performed in a variety of different heterologous expression sys-
tems, including plants (tobacco and potatoes), yeast (  Pichia pastoris   ), and bacteria 
( E.    coli    and   Salmonella   ) (Prince et al.  1995 ; Lewis et al.  1996 ; Fahnestock and 
Bedzyk  1997 ; Fahnestock and Irwin  1997 ; Arcidiacono et al.  1998 ; Fukushima 
 1998 ; Winkler et al.  1999 ; Scheller et al.  2001 ; Lazaris et al.  2002 ; Xia et al.  2010 ). 
Synthetic genes coding for recombinant proteins ranging from 15 to 250-kDa have 
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      Table 12.5    Different expression systems, types of spidroin genes expressed, predicted molecular 
mass, and amount of recombinant protein yielded after purifi cation   

 Group  Gene  Protein  Expression system  Size (kDa)  (mg/L) b  

  Bacteria  
 Prince et al. 
( 1995 ) 

 Synthetic  MaSp1   E.    coli    SG13009pREP4  14–41  15 
 Synthetic        MaSp2   

 Lewis et al. 
( 1996 ) 

 Synthetic   MaSp2     E.    coli    BL21 (DE3)  31/58/112  5 

 Fahnestock 
and Irwin 
( 1997 ) 

 Synthetic  MaSp1   E.    coli    BL21 (DE3)  65–163  300 c  
 Synthetic        MaSp2   

 Fahnestock 
and Bedzyk 
( 1997 ) 

 Synthetic   MaSp1     P. pastoris  YFP5029  65–163  1000 c  

 Arcidiacono 
et al. ( 1998 ) 

  cDNA     MaSp1     E.    coli    BL21 (DE3)  43  4 

 Fukushima 
( 1998 ) 

 Synthetic   MaSp1     E.    coli    JM109  10–20  5 

 Winkler et al. 
( 2000 ) 

 Synthetic   MaSp1     E.    coli    BLR (DE3)  25  20 

 Szela et al. 
( 2000 ) 

 Synthetic   MaSp1     E.    coli    BLR (DE3)  25  10 

 Xia et al. 
( 2010 ) 

 Synthetic   MaSp1     E.    coli    BL21 (DE3) a   100–285  500–2700 

 Lin et al. 
( 2013 ) 

 Synthetic   TuSp1   + 
CTD 

  E.    coli    BL21 (DE3)  189  40 

 Xu et al. 
( 2012 ) 

 Synthetic  AcSp1   E.    coli    BL21 (DE3)  19–76  22–80 

  Yeast  
 Fahnestock 
and Bedzyk 
( 1997 ) 

 Synthetic   MaSp1     P. pastoris  YFP5029  65–163  1000 c  

  Mammalian cells  
 Lazaris et al. 
( 2002 ) 

  cDNA     MaSp1   
MaSp3 

 Baby hamster kidney  63–140  25–50 

  Plants  
 Scheller et al. 
( 2001 ) 

 Synthetic   MaSp1    Tobacco ( Nicotiana  
sp . ) Potato ( Solanum  
sp . ) 

 100  0.1 g/5 g 
leaf 

 Hauptmann 
et al. ( 2013 ) 

 Synthetic  FLAG  Tobacco ( Nicotiana  
sp . ) 

 47–250  1.8 mg/50 
g leaf 

   Ibr  internal block  repeat   
  a Genetically modifi ed 
  b Purity >90 % 
  c Protein titer before purifi cation  
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been reported for expression studies (Table  12.5 ). Unfortunately, the expression 
levels for the synthetic genes have been low, with the majority of the cases of the 
recombinant protein only representing 5 % of the total cellular protein. One of the 
most robust production levels have approached 1000 mg for 1 L of saturated   Pichia 
pastoris    cultures (Fahnestock and Bedzyk  1997 ). However, for most prokaryotic 
expression systems, the typical protein yields have been in the range of 10–50 mg/L 
after purifi cation (>90 % purity) (Table  12.5 ). 

 Microorganisms have been the preferred choice as hosts for heterologous protein 
expression systems for spider silk proteins. Utilization of  E.    coli    as a host system 
offers many benefi ts, including its fast replication time and low cost associated with 
culturing vast quantities of cells. Because  E.    coli    has been heavily used by molecu-
lar biologists for cloning purposes, it also provides some of the best genetic tools 
available for regulating protein induction, methods for rapid purifi cation of  proteins, 
and techniques to circumvent recombinant proteins that display toxic effects when 
expressed in a prokaryotic background. Using  E.    coli   , growth conditions can also be 
easily translated into an industrial scale format. The pharmaceutical industry has 
successfully used this system for large-scale protein production for numerous 
recombinant proteins for medicinal applications. Although chemists have devel-
oped strategies to form  polymers   from organic materials, it has been challenging to 
control the polymerization process using different building blocks, especially when 
attempting to design complex polymeric compounds with new biological functions. 
However, through the use of recombinant DNA approaches, scientists can more 
readily control the assembly of different DNA pieces to create protein  polymers   
with programmed sequences, secondary structures, molecular weights and even 
enhance recombinant protein solubilities. In this process, scientists follow three 
basic steps: (i) design and assembly of synthetic silk-like segments, (ii) selection of 
a prokaryotic expression vector, followed by insertion and multimerization of syn-
thetic silk-like DNA segments, and (iii) transformation, expression and purifi cation 
of recombinant silk proteins from different bacterial clones. In some cases, the ini-
tial step (i) can be substituted by using different lengths of the natural spider silk 
 cDNA   sequences. Or, alternatively, a combination of synthetic silk-like genes can 
be coupled with pieces of the natural spider silk  cDNAs  .  

12.4.3     Seamless Cloning Strategy to Produce Synthetic Spider 
Silk Genes 

 We have employed a seamless cloning strategy with oligonucleotides that were 
codon-optimized for expression of  L. hesperus   MaSp1    block repeats   in  E.    coli    
(Scior et al.  2011 ). Because the block  repeat   of  MaSp1   is 25–35 amino acids, it 
would typically require the synthesis and annealing of two complementary oligo-
nucleotides with lengths of approximately 120 nucleotides. However, because the 
upper limit on the synthesis of oligonucleotides is around 100 nucleotides, we 

T. Crawford et al.



471

constructed the  MaSp1   block  repeat   segment using two steps. First, two oligonucle-
otides were designed to span the 40 amino acids block  repeat   of  MaSp1  . For this 
design, we created two oligonucleotides that were perfectly complementary at their 
3′ ends, but had singled-stranded 5′ ends that could be fi lled in by a heat-stable DNA 
polymerase after annealing to make double-stranded molecules (Fig.  12.5a ). Once 
the synthetic block module for  MaSp1   was generated, it was amplifi ed with gene-
specifi c primers and three different restriction sites were added to the ends of the 
internal block  repeat   (Fig.  12.5a ). The forward primer was engineered to add the 
restriction sites  Sca I,  Nde I, and  Bsa I. The incorporation of the  Sca I site provided 
extra nucleotides on one end of the synthetic  MaSp1   module to facilitate restriction 
digestion effi ciency, while  Nde I and  Bsa I sites served to simplify insertion and 
seamless cloning in the prokaryotic expression vector pET-24a, respectively. The 
reverse primer was designed to add  Spe I,  Sac I, and  Bsm BI restriction sites, with 
 Bsm BI and  Sac I being used for seamless cloning and  Sac I also functioning to ligate 
the monomer  MaSp1   internal block  repeat   into pET-24a. After insertion of the 
monomeric  MaSp1   repeat ( MaSp1   1X) into the  Nde I and  Sac I site of pET-24a to 
create pET-24a  MaSp1   1X, this vector was used for expansion of the monomeric 
unit into dimeric ( MaSp1   2X), tetrameric ( MaSp1   4X), etc. repeats. For this to be 
accomplished the pET-24a  MaSp1   1X vector was digested with  Bsa I and  Sac I to 
release the monomeric block  repeat   and ligated into the pET-24a  MaSp1   1X plas-
mid after it was doubly digested with  Bsm BI and  Sca I (Fig.  12.5b ). This allows for 
the multimerization of the  MaSp1   1X block  repeat   without the creation of internal 
restriction sites during the doubling process, which would normally introduce two 
codons at the fusion junction specifying two amino acids (6-bp restriction site) that 
were not naturally found within the  MaSp1   protein chain. Several rounds of cloning 
can be used to expand the repetitive  block repeats   to obtain sizes that approach the 
protein masses of native sized  MaSp1   from spiders. After the conclusion of the 
block  repeat   expansion, amplifi cation and insertion of natural  cDNAs   coding for the 
 NTD   and CTD can be readily inserted into the pET-24a vector  e.g.  pET-24a  MaSp1   
8X to form vectors that code for mini fi broins   or  fi broins   that approach the properties 
of native  fi broins  . This system also allows for the integration of adding 6 consecu-
tive histidine residues (6x His tag) to the C-terminal region of the recombinant 
protein. The synthetic or hybrid silk genes inserted into the pET-24a vector are 
placed under the transcriptional control of the T7 promoter and require the addition 
of the inducer isopropyl-β-D-1- thiogalactopyranoside   to initiate protein expression. 
However, it is worth noting that even with implementation of these creative strate-
gies, there are still current barriers and challenges, largely due to the highly repeti-
tive core sequences of the synthetic gene. This results in undesired  homologous 
recombination   of  block repeats   during replication in bacteria, transcriptional errors, 
unwanted translational pausing, and accumulation of vast quantities of recombinant 
proteins in  inclusion bodies   – all leading to lower yields of recombinant silk 
proteins.
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  Fig. 12.5    Molecular approach using oligonucleotides to build a single block  repeat   that can be 
multimerized by a seamless cloning strategy for expression studies. In this approach, the codons 
are optimized for the host organism used for expression. ( a ) Design of single block repeat; ( b ) 
Seamless cloning strategy used for expansion of single block repeat       
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12.4.4        Expression of Other Spidroin Family Members 
and Purifi cation Methodologies 

 Although the main emphasis has involved optimization of MaSp-like recombinant 
protein expression in bacteria, reports involving synthesis of other spidroin family 
members, such as  TuSp1  , have been shown to be successful. In these studies, syn-
thetic pieces of nucleic acids were codon-optimized and multimerized, to produce 
11 copies of the internal block  repeat   units of  N.    antipodiana     TuSp1   (Lin et al. 
 2013 ). In addition, the construct was designed to contain the CTD of  MiSp1  , form-
ing a hybrid recombinant protein with a predicted molecular mass of 189-kDa. The 
rationale for fusing the  MiSp1   CTD to the  block repeats   of  TuSp1   (constructed 
named 11RPC), instead of using the  MaSp1   or  TuSp1   CTDs, resides in its differen-
tial solubility. The  MiSp1   CTD shows much higher solubility in water, resulting in 
a lower propensity for premature aggregation during protein purifi cation. To 
increase recombinant  TuSp1   protein size, a serine residue within the  MiSp1   CTD 
was mutated to a cysteine. This resulted in the 189-kDa monomeric unit that formed 
a 378-kDa dimeric unit through thiol oxidization by oxygen dissolved in solution. 
Although this construct is considerably larger than MaSp-based recombinant con-
structs, it also suffered from low expression levels, yielding only about 40 mg/L in 
shake fl asks.  Fibers   spun from the purifi ed recombinant proteins were shown to 
have higher  breaking stress  , but lower extensibility relative to natural tubuliform 
silk  fi bers   (Lin et al.  2013 ). 

 Several different strategies have been explored to purify recombinant silk proteins 
from crude bacterial lysates. The vast majority of these approaches have focused on 
the utilization of N- or C-terminal His-tags, which allows for rapid purifi cation of 
recombinant silk proteins in a single step by  immobilized metal ion affi nity chroma-
tography      (IMAC). However, affi nity purifi cation on a large-scale format is costly, 
time consuming, and a labor intensive endeavor. Currently, it is unclear whether the 
presence of the His-tag infl uences the secondary structure of the recombinant silk 
proteins and whether this additional sequence impacts spidroin assembly during the 
 in vitro  spinning process. Further studies will be required to determine whether the 
His-tag compromises the  mechanical properties   of synthetic  fi bers  . Alternative 
strategies to purify recombinant silk proteins without the implementation of His-
tags and metal ion  affi nity chromatography   have been explored, including protocols 
that take advantage of the thermal stability and resistance of spider silk proteins to 
organic acids (Dams-Kozlowska et al.  2013 ). 

 Attempts to produce tougher spider silk  fi bers   have led scientists to become quite 
industrious with their approaches. For example, researchers have created transgenic 
 silkworms   that encode chimeric  silkworm  /spider silk proteins. These transgenic 
 silkworms   can synthesize and secrete spider silk  fi bers   into cocoons (Teule et al. 
 2012 ). These cocoons contain endogenous silk proteins from  silkworms   mixed with 
synthetic spider silk-like products resulting in composite  fi bers  . These composites 
have  mechanical properties   that are, on average, tougher relative to parental  silk-
worm   silk  fi bers   and as tough as natural dragline silk (Teule et al.  2012 ).  Breaking 
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stress   values for the composite  fi bers   were about half of the tensile strength for natu-
ral dragline silk. In these studies, investigators manufactured synthetic composite 
 fi bers   by expression of a fusion protein consisting of a 78-kDa synthetic spider silk 
protein linked to the enhanced green fl uorescence protein (EGFP). Expression of 
the spider silk-EGFP fusion protein was targeted to the posterior silk gland by using 
a piggyBac vector containing the  B. mori   fi broin    heavy chain promoter  . Immunoblot 
analysis using lysate from the posterior silk gland region and an anti- GFP   antibody 
for detection confi rmed the expression of the fusion protein, which migrated at a 
molecular mass of approximately 116-kDa (Teule et al.  2012 ). Despite these prom-
ising results, one caveat of the study revealed that the  mechanical properties   of the 
composite silks from the transgenic animals displayed more variability relative to 
parental  fi bers  . Moreover, different transgenic lines also produced composite silks 
that displayed varying tensile strengths, suggesting the lines express different 
  silkworm  /spider silk protein ratios and perhaps the localization of the proteins in the 
 fi bers   is dissimilar. Whether the addition of  GFP  , which has a molecular mass of 
approximately 27 kDa, produced any adverse effects on the performance of the 
 fi bers   is unclear, but the transgenic animals were capable of  fi ber   formation with 
 GFP   attached to the synthetic spider silk protein. Other studies have generated 
transgenic  silkworms   that can express an 83-kDa  MaSp1   recombinant protein lack-
ing  GFP  ; these transgenic  silkworms   were also capable of secreting  MaSp1   into the 
 fi bers   and the  mechanical properties   ( breaking stress   and strain) were shown to 
outperform the parental  silkworm   silk  fi bers   (Wen et al.  2010 ).   

12.5     Biomimicry of the Spinning Process, Applications 
and Products 

12.5.1     Artifi cial Silk  Fibers      by Biomimicry 

 Many studies have been exploring the production of artifi cial silk  fi bers  . However, 
to date, no company or laboratory has reported a spinning process that produces 
synthetic fi bers that mimic the  mechanical properties   of natural spider silk. In the 
scientifi c literature there have been a number of distinct protocols published that 
describe the formation of artifi cial silk fi bers based upon the use of a  spinning dope      
with purifi ed recombinant silk proteins (Lazaris et al.  2002 ; Teule et al.  2009 ; Hsia 
et al.  2012 ). Most of these fi bers have been produced using wet spinning through a 
coagulation bath, electrospinning, or approaches that incorporate  microfl uidic 
devices   Rearrange. Many of these spinning methods have relied on the use of harsh 
organic solvents to dissolve the recombinant silk proteins, including lithium  bro-
mide   ( LiBr  ) and 1,1,1,3,3, 3-hexafl uoro-2- propanol   (HFIP) (Liivak et al.  1998 ; Min 
et al.  2004 ; Teule et al.  2009 ). Collectively, it is a challenging task to mimic the 
natural spinning process, which involves complex combinations of extrusion and 
drawing processes (Vollrath et al.  1998 ). The effective integration of these processes 
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distinguishes it from other methods of synthetic polymeric fi ber production. 
Advances are being made through the use of  microfl uidic devices   to understand the 
sequences of events and  kinetics   of  silk assembly  . However, the long-term goal is to 
integrate the knowledge obtained from the microfl uidic device studies and transi-
tion it into the development of a large-scale biomimetic spinning process. Several 
independent labs are currently investigating this transition. In order to have success, 
there are many factors that will infl uence the drawing process, including the removal 
of water, the behavior of the spin- dope   fl uidity, and other environmental parameters 
e.g. temperature, humidity, and  draw rate  .  

12.5.2      Spinning Dope      

 While several steps are involved in the production of artifi cial spider silk, the fi rst 
step requires preparation of the  spinning dope     , which is a liquid solution that con-
tains the dissolved  spidroins  . Organic solvents are most commonly utilized to dis-
solve the purifi ed recombinant  spidroins   that have been subject to lyophilization, 
providing strong hydrogen bonding properties to ensure effective solvent-protein 
interactions. Many organic solvents are effi cient at solubilizing  spidroins  , but these 
solvents have many drawbacks or disadvantages. For example, the toxic effects 
associated with the molecules pose health concerns for biomedical applications. 
Despite this shortcoming, most scientists have turned to dissolving spidroin powder 
in HFIP,    which allows spidroin concentrations in the range of 10–30 % (w/v), with 
the highest spidroin concentration being reported at 45–60 % (w/v) (Brooks et al. 
 2008 ; Hsia et al.  2012 ; Adrianos et al.  2013 ; Albertson et al.  2014 ). One advantage 
of using  HFIP   to dissolve the  spidroins   is its volatility, allowing investigators to 
dissolve the spidroin powder in larger volumes, followed by solvent evaporation 
and concentration of the  dope   for the spinning process. In addition, some labs have 
preferred to use  formic acid   as the solvent for the  spinning dope      (Peng et al.  2009 ). 
Although the use of organic solvents has allowed for the synthesis of artifi cial spi-
der silk  fi bers  , these solvents are too toxic for medical applications, carrying formi-
dable health risks for patients. In addition, vast quantities of these solvents will 
undoubtedly result in higher production costs associated with organic waste dis-
posal during large-scale synthesis. In order to circumvent the toxic effects of the 
organic solvents, several different approaches have been reported that focus on 
spinning artifi cial silk  fi bers      from concentrated aqueous spidroin solutions. 
Strategies to produce highly concentrated spidroin solutions through aqueous buffer 
systems are being vigorously pursued by scientists, representing one of the most 
active research areas in the silk community (Stark et al.  2007 ; Grip et al.  2009 ; 
Heidebrecht et al.  2015 ). One approach has involved resuspending lyophilized 
recombinant spidroin pellets in 6 M guanidinium  isothiocyanate   (GdmSCN), fol-
lowed by dialysis (molecular weight cut-off 6000–8000 Da) against buffers con-
taining 50 mM Tris-HCl [pH = 8.0] and 100 mM NaCl (Heidebrecht et al.  2015 ). 
The addition of the NaCl functions to prevent unspecifi c protein aggregation. After 
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this step, the solution can be further dialyzed against a 20 % (w/v) polyethylene 
 glycol   ( PEG  ; 35-kDa) solution, serving to remove water from the recombinant 
protein solution, leading to  spinning dope      concentrations ranging from 10 to 17 % 
(w/v) (Heidebrecht et al.  2015 ). One weaknesses of this methodology, however, is 
that  spidroins   are forced into a highly concentrated solution, hindering spidroin 
self-assemble into micellar-like  particles   that resemble  in vivo  complexes in spi-
ders. Moreover, these  spinning dope   s   appear to be less stable and more prone to 
aggregation relative to self-assembled  spinning dopes     . Self-assembled  spinning 
dopes      can be achieved by following the identical steps described above except of 
performing dialysis against  PEG  , the solution can be subject to dialysis against a 
phosphate-containing buffer (30–50 mM  sodium phosphate   pH = 7.2), which 
induces a liquid-liquid phase separation of the spidroin solution into a low density 
and high-density phase. The high-density micellar phase contains self-assembled 
 spidroins  ; this approach yielded “biomimetic”  spinning dope      concentrations rang-
ing between 9 and 11 % (w/v) (Heidebrecht et al.  2015 ). Other strategies to produce 
high spidroin concentrations have included dialyzing elutions obtained from  affi nity 
chromatography   against  urea  ,  sodium chloride  , and  sodium phosphate   or Tris buf-
fers, followed by high-speed centrifugation, and then concentration of  spidroins   by 
 ultrafi ltration   (Arcidiacono et al.  2002 ). Lastly, other approaches have described 
methods to solvate traditionally insoluble recombinant  spidroins   using a quick, sin-
gle step process, leading to nearly 100 % solvation and recovery of these proteins 
without degradation (Jones et al.  2015 ). In all cases, scientists have been able to use 
these aqueous spidroin solutions to produce synthetic silk  fi bers  .  

12.5.3     Wet-Spinning and  Post-spin Draw   

  One common method to produce synthetic spider silk  fi ber  s is through a wet- 
spinning process, where spidroin  dopes   are extruded into dehydrating agents. A 
variety of different alcohols have been investigated to initiate  fi ber   formation, 
including ethanol,  methanol  , and isopropanol. In some cases, water was added to 
the coagulation bath, slowing the coagulation rate of  spidroins   and serving as a 
plasticizing agent. This led to  fi ber  s that are less brittle. These processes have led to 
 fi bers   that have diameter sizes in the micrometer range, with many of them ranging 
from 10 to 80 micrometers (Teule et al.  2009 ; Gnesa et al.  2012 ). This technique 
allows for slow  fi ber   formation, which facilitates the alignment of  spidroins   during 
the extrusion step. During the  wet-spinning protocol  , the extrusion of the  dope 
  through the needle of the syringe is advantageous over other methods such as elec-
trospinning, resulting in shear forces that mimic the natural extrusion pathway. This 
facilitates the alignment of  spidroins   into a structural hierarchy that is necessary to 
achieve outstanding material properties in  fi bers  . Overall, this methodology, as out-
lined above, allows investigators to create  spinning dopes      formulated in organic or 
aqueous solvents and to spin  fi bers   in a diverse range of  coagulation baths   that 
permits tunable  mechanical properties  . One weakness of  wet-spinning protocols  , 
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however, is that molecules from the organic solvent or coagulation bath can become 
trapped within synthetic silk  fi bers   during polymer formation, requiring extensive 
soaking in water to remove  contaminants  . This can be an expensive and time- 
consuming process, especially if artifi cial  fi ber   production is being carried out on a 
large-scale manufacturing format. 

 Spiders also intrinsically subjugate extruded fi bers to  post-spin draw  , a process 
that leads to the production of threads with improved  mechanical properties  . 
Experiments have demonstrated that the rate of  post-spin draw   can have a profound 
impact on the quality of fi bers (Carmichael et al.  1999 ; Albertson et al.  2014 ).  13 C 
 NMR   spectroscopy studies have shown that the fraction of alanine residues in 
β-sheet conformation increases as the reeling speed increases, which correlates to 
an enhancement of the  mechanical properties   (Liivak et al.  1997 ). Consistent with 
these observations, molecular modeling has shown that by tuning the size of the 
β-sheet  nanocrystals  , the strength and the toughness of the material can be modu-
lated by reeling speed conditions (Nova et al.  2010 ). Moreover, depending upon the 
protein sequences and humidity conditions used for the spinning process, scientists 
may be able to control the supercontraction properties of the spun fi bers. Thus, it 
will be important for material scientists to integrate  post-spin draw   procedures that 
are integrated into spinning processes in order to manufacture high-performance 
threads. Different solvents have been employed for spinning fi bers and performing 
 post-spin draw   to explore their impact on fi ber performance. Spinning spider drag-
line silk spun in an aqueous bath followed by  post-spin draw   resulted in stronger 
fi bers (higher  breaking stress  ,  yield stress   and Young’s modulus), but these fi bers 
have had lower extensibility (decrease in  breaking strain  ) (Liu et al.  2005 ). The 
increased strength is attributed to the fact that spinning the fi bers in water, as 
opposed to  LiBr   or  HFIP  , gives rise to increased molecular orientation of the protein 
chains, thus improving the  mechanical properties  . Thus, important aspects that 
mimic the natural spinning process will be designing artifi cial spinning ducts that 
resemble and function like normal ducts as well as engineering devices to recapitu-
late the infl uence of the  post-spin draw  .   

12.5.4      Electrospinning and  Microfl uidic Devices   

 Another technique that scientists have explored to produce artifi cial spider silk fi bers 
has involved electrospinning, which creates fi bers by exposing liquid droplets of 
recombinant spidroin  spinning dopes      to high  voltage  . In this process, polymer  nano-
fi bers   are generated by the formation and elongation of an  electrifi ed fl uid jet   
(Reneker and Yarin  2008 ). When the solution is exposed to high  voltage  , the body of 
the liquid becomes charged and electrostatic repulsion counteracts the surface ten-
sion, resulting in nano fi bers   that are deposited on a grounded collector as the droplets 
experience stretching during the procedure. This process does not rely on the chem-
istry of coagulation that is required by wet-spinning methodologies. For artifi cial 
spider silk  fi bers  , electric  fi eld  s of 4–30 kV with electrode distances of 2–25 cm have 
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been used for electrospinning protocols (Bini et al.  2006 ; Peng et al.  2009 ; Yu et al. 
 2013 ). In particular, this procedure can give rise to the formation of non-woven  mats  . 
Several different parameters are important for the formation of non-woven  mats  , 
including the viscosity of the  dope,    the concentration of the recombinant  spidroins  , 
the electrical conductivity and permeability of the solvent, and the nanofi ber surface 
free energy (Greiner and Wendorff  2007 ). One advantage of electrospinning is that 
lower spidroin concentrations can be used to form  fi bers  , but higher concentrations 
in the range of 10–30 % (w/v) are more effective for  fi ber   formation (Zarkoob et al. 
 2004 ; Bini et al.  2006 ; Zhou et al.  2008 ). Low β-sheet content was reported from 
non-woven  mats   electrospun from  spinning dopes      dissolved in  HFIP   (Lang et al. 
 2013 ). Interaction of the electromagnetic fi eld with spidroin molecules inhibits 
β-sheet formation, but stabilizes α-helical structures via hydrogen bond  dipoles   
(Stephens et al.  2005 ). Although  nanofi bers   can be deposited on a solid container, 
 nanofi bers   can be collected in  coagulation baths   containing organic or aqueous-based 
solvents. When the  nanofi bers   are collected employing  coagulation baths   ( fi ber 
  diameter sizes of approximately 80–1000 nm), posttreatment of the electrospun 
 fi bers   with alcohols or organic solvents is necessary to induce formation of water 
resistance and stable β-sheet structure (Lang et al.  2013 ). Exposure of  nanofi bers   to 
alcohol vapors has proven more effective than immersing the fi bers in alcohol baths 
because submersion of the  nanofi bers   can alter fi ber morphology, resulting in more 
fl attened and partially fused threads at the intersection of multiple fi bers (Bini et al. 
 2006 ; Lang et al.  2013 ). The  mechanical properties   of electrospun fi bers have infe-
rior properties relative to natural fi bers; however, the non-woven  meshes   can be used 
for other products, including fi lter or biomedical applications, where natural silk 
 mechanical properties   are not a requirement (Bogush et al.  2009 ). 

 In addition to wet spinning and electrospinning, synthetic spider silk fi bers have 
been produced by  microfl uidic devices   using dilute recombinant spidroin mixtures 
(Rammensee et al.  2008 ). The use of  microfl uidic devices   has been demonstrated to 
lead to artifi cial spider silk fi bers, but higher fl ow rates were necessary to induce 
fi ber assembly using low or medium concentrations of protein solutions (Rammensee 
et al.  2008 ). Fiber production using  microfl uidic devices   have many advantages 
over the other two spinning methods, in that, such devices can be designed and 
engineered to mimic aspects of the natural extrusion process of spider silk. These 
aspects include being able to precisely control or adjust changes in pH, ion concen-
trations, and  elongational fl ow   conditions.   

12.5.5     Applications and Products 

12.5.5.1     Fibers and Films 

 Although much attention has been placed on the development of artifi cial spider 
silk fi bers for uses in ropes, cords,  body armor   and other engineering materials that 
are fi ber-based, recombinant spider silk proteins can be processed into fi lms, foams, 
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hydrogels, and  nanoparticles   for drug delivery. Recombinant spider silk protein 
fi lms have potential for diverse applications, in particular for the medical commu-
nity due to its biocompatibility (Allmeling et al.  2006 ). Biodegradable  biomaterials   
that are implantable are attractive for devices that control the delivery of drugs in 
animals. Possible uses of fi lms include materials for controlled release of substances 
at specifi c sites in the human body and cell supporting scaffolds (Sofi a et al.  2001 ; 
Hardy et al.  2013 ). These fi lms experience partial degradation in the presence of 
 proteases   associated with the wound healing process within 2 weeks, which is con-
sistent with the timing of the normal tissue repair response (Muller-Hermann and 
Scheibel  2015 ). Micro- particles   engineered to carry  cargo  , such as pharmaceutical 
drugs, could also be designed to allow for delayed drug release by coating  particles   
with a layer of recombinant spider silk protein. Research has shown that recombi-
nant spider silk protein fi lms are chemically stable and transparent materials under 
ambient conditions (Huemmerich et al.  2006 ). The properties of the fi lms are deter-
mined by the secondary structure of the protein chains, the intermolecular interac-
tions of the chains, and the connections of the materials interface with the 
environment (Spiess et al.  2010 ). During the creation of fi lms, recombinant spider 
silk proteins have been demonstrated to undergo structural transitions from either 
 random coil   or α-helical conformations to β-sheet-rich structures (Huemmerich 
et al.  2006 ). Treatment of the recombinant spider silk proteins with alcohol or  kos-
motropic salts   was shown to lead to fi lms that are β-sheet-rich, chemically stable 
and water insoluble. The stability of the fi lms is directly linked to the β-sheet con-
tent, with increasing levels leading to fi lms with higher strength and  elastic modu-
lus  , but lower extensibility. The addition of the  NTD   or CTD on the recombinant 
spider silk construct, although important in the  fi ber   spinning process, appear to 
have no substantial infl uence on the β-sheet formation, which is being controlled by 
the amino acid sequences of the internal block  repeat   modules. However, the pres-
ence of the  NTD   or CTDs have been shown to increase the chemical stability of the 
fi lms (Slotta et al.  2006 ).  

12.5.5.2     Spider Silk  Particles   

 Recombinant spider silk proteins are also suitable for construction of  particles   that 
can be utilized for a host of applications. These  particles   can be assembled and 
designed to carry low molecular weight molecules for drug delivery (Hardy et al. 
 2013 ). Diameter particle size can be adjustable by varying the recombinant protein 
concentration or mixing vigorously with the reagents used for salting out (Elsner 
et al.  2015 ). The intrinsic properties of spider silk proteins, which include slow 
biodegradability, poor immunogenicity, and low toxicity, make them highly suitable 
candidates to serve as  particles   that can carry a broad range of different organic 
molecules. Packaging of the drug can be facilitated by diffusion or co-precipitation 
of the recombinant  spidroins  . When loading the drug, it cannot display electrostatic 
repulsion with the recombinant  spidroins  . Therefore, depending upon the charge on 
the drug,  spidroins   can be designed with charges that are opposite of the drug to 

12 Molecular and Structural Properties of Spider Silk



480

facilitate packaging. Moreover, silk  particles   have been shown to retain their molec-
ular properties in the human body for a period of time before degradation occurs 
(Muller-Hermann and Scheibel  2015 ). Experiments designed to investigate the 
uptake of the  particles   made of recombinant spider silk proteins have shown that 
mammalian cells uptake  particles   with a positive charge more effi ciently than 
negatively- charged  particles  . Incorporation of cell penetrating peptides ( e.g.  RGD- 
functionalized  spidroins  ) have been shown to increase the number of  particles   trans-
ported into  HeLa cells   (Elsner et al.  2015 ).    

12.6     Summary and Future Challenges 

 Over the past three decades there has been substantial progress in understanding the 
protein sequences of the spidroin family members. This has been accelerated by 
scientifi c advances in gene cloning, DNA sequencing, transcriptomics, and  pro-
teomics  . With each passing month, scientists are replacing partial  cDNA   sequences 
that code for spidroin family members with complete genomic DNA sequences. 
Currently, two major challenges exist in the spider silk community. The fi rst 
involves development of methodologies that allow for expression of full-length 
recombinant spider silk proteins in high quantities, while the second challenge 
involves engineering a highly concentrated aqueous  spinning dope      that gives rise to 
high performance  fi bers  . As more chemical details regarding the natural extrusion 
process of spider silk emerge, scientists are incorporating these concepts into the 
spinning process to mimic  fi ber   synthesis. Many different spinning methods con-
tinue to be explored, including wet-spinning and electrospinning. Through the 
development of creative genetic engineering strategies, strides to manufacture 
recombinant proteins that approach native size  spidroins   are becoming more feasi-
ble, providing much excitement and promise for developing a wave of next genera-
tion  biomaterials  . Because spiders spin a host of different  fi ber   types with distinct 
 mechanical properties  , scientists are eager to capitalize on the production of recom-
binant spider silk proteins for a wide range of diverse applications, including sutures 
for  microsurgery  , silk  particles   for drug delivery, scaffolds for tissue engineering, 
 body armor  , and construction of a vast array of novel engineering products. For 
example, as proof-of-concept the successful synthesis and purifi cation of recombi-
nant silk proteins resembling native size  MaSp1   molecules via heterologous expres-
sion systems demonstrate that the fi rst challenge can be solved. In addition, strategies 
to generate recombinant spidroin mixtures that resemble natural  spinning dope   
   properties are accelerating at a fast rate. Through the development of different 
chemical treatments, scientists are generating recombinant  spidroins   with second-
ary and tertiary structures that more accurately refl ect the folded states of natural 
 spidroins   in  spinning dopes     . Thus, advances in expression of longer protein chain 
lengths, combined with improvements of recombinant spidroin processing to form 
more native-like  spinning dopes     , are putting the fi eld in a position to spin higher 
performance  fi bers  . Although the majority of research teams have focused on 
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expression of recombinant silk proteins and spinning of artifi cial  fi bers   from drag-
line fi ber components, little is known whether other members of the spidroin family 
may have other advantageous features, including improved expression, solubility, 
purifi cation, and easier processing into fi nal products. Additional studies will need 
to be performed to address these issues. In closing, it is an exciting moment in the 
history of spider silk biology and its uses of recombinant spider silk proteins.     
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    Chapter 13   
 Spider Silk: Factors Affecting Mechanical 
Properties and Biomimetic Applications                     

     Shichang     Zhang      and     I-Min     Tso    

    Abstract     Spiders are using different silks to achieve a variety of tasks. Spider silks 
might be the toughest natural material, and therefore they serve as model polymers 
for the development of biomimetic fi bers with extraordinary mechanical perfor-
mance. Spider silks with pliable mechanical properties are indispensable for design-
ing and manufacturing biomimetic fi bers for specifi c applications, notably for 
biomedical purposes. This chapter summarizes natural factors that are known to 
affect the physical properties of spider silks such as the drawing speed, ambient 
environmental conditions and nutrient intake. Such factors induce changes in pro-
tein composition, and in the structural alignment and organization of molecules in 
the silks, which consequently affect silk properties. In addition, we also present the 
latest fi ndings regarding the spinning processes of the silk, as well as prospects and 
challenges in spider silk research.  

13.1        Introduction 

 Spiders are well-known for  their   silk-using skills. More than 40,000 species of spi-
ders have been identifi ed (Platnick  2013 ), most of which catch prey by using silks. 
They have evolved to be able to produce a variety of task-specifi c silks for activities 
such as catching prey, escaping from predators, and protecting egg sacs (Foelix 
 2011 ). Due to their fascinating characteristics, spider silks have attracted the atten-
tion of researchers for a long time, especially in biomaterial science due to their 
intriguing characteristics. For example, the  dragline silk   is the strongest  natural 
fi ber   (Blackledge and Hayashi  2006 ), which can be more than three times tougher 
than the manmade fi ber, Kevlar (Gosline et al.  1999 ; Vollrath and Knight  2001 ). 
Spider silks’ potential to be applied in fi elds ranging from high performance textiles 
to medical devices has motivated scientists to keep exploring the underlying mecha-
nisms of their remarkable mechanical properties. In contrast to silkworms, it is 
impossible to have large scale farming of spiders due to their cannibalistic nature 
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(Hardy and Scheibel  2009 ), nor is it feasible to harvest threads directly from spider 
webs because of small yield (Spiess et al.  2010 ; Lintz and Scheibel  2013 ). In order 
to harvest large quantities of spider silks, efforts have been invested in expressing 
spider-silk proteins via other host organisms using genetic engineering technologies 
and in the synthesis of spider silk by mimicking the process of silk production in 
spiders. Nevertheless, to achieve such goal, a full comprehension of the factors that 
can affect the mechanical properties of the silk is therefore necessary.  

13.2     Biology of Spider Silk 

 Silk protein, the  spidroins  , is stored in silk glands before being spun into  silk fi bers  . 
Spiders produce as many as seven or eight different types of silks by various glands 
that are distinguished morphologically and histologically as:  ampullate   glands,  piri-
form   glands,  aciniform   glands,  tubuliform   glands, aggregate glands, and  fl agelli-
form   glands (Foelix  2011 ). 

 Each type of gland secrets a unique kind of silk with its own specifi c characteristic 
via discrete spigots, and each type of silk gland differs from the others in size, loca-
tion and morphology (Moon and An  2006 ; Foelix  2011 ). Specifi cally, web building 
spiders can produce six types of silks each exhibiting different function (Moon and 
An  2006 ) (Fig.  13.1 ).  Ampullate   glands produce fi bers that are used in dragline, 
frame and radii thread;  piriform   glands produce fi bers used in attachment disks;  acin-
iform   glands produce fi bers used in swathing silk, silk decorations, male sperm web 
and soft inner layer of the egg sac;  tubuliform   glands produce fi bers used in egg sac 
silk; aggregate glands produce the glue of sticky spirals;  fl agelliform   glands produce 
the axial thread of sticky spiral fi bers (Craig  2003 ; Foelix  2011 ).  Aciniform   silk is 
remarkable for its extreme  toughness  , and the  dragline silk   (i.e. major  ampullate   silk) 
is the strongest fi ber (Blackledge and Hayashi  2006 ) (Fig.  13.1 ).

   A typical silk gland consists of a tail, sac, and duct. The tail secrets most of the 
silk proteins, an aqueous liquid of hydrated silk molecules, from the columnar epi-
thelial cells. These silk molecules are stored as an extremely concentrated liquid 
crystalline solution in the lumen of the sac (Knight and Vollrath  1999a ,  b ; Lewis 
 2006 ). From the sac, the feedstock fl ows into the duct, typically tapered and of sub-
stantial length, allowing silk proteins to fl ow in patterns that resemble liquid crystal-
line fl ow and resulting in dehydration, aggregation, and precipitation into 
nanofi brillar structures (Vollrath et al.  2013 ). The duct is folded in a way similar to 
an elongated ‘S’ to give three limbs, which progressively narrow to form a hyper-
bolic die (Fig.  13.2 ). The narrowing of the duct diameter leads to the production of 
 shear force   that results in the alignment of the silk proteins into a fi ber (Römer and 
Scheibel  2008 ). The duct terminates in a structure often termed the ‘valve’ (Wilson 
 1962a ,  b ) or ‘ratchet’ (Vollrath et al.  1998 ), which squeezes the silk and provides 
shear stress. Finally, before exiting the spider the thread is stripped of its bathing 
and coating liquid by a tight cuticular lip at the spigot (Vollrath et al.  1998 ,  2013 ; 
Vollrath  2000 ).
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   The relationship between mechanical properties and silk structures has been 
intensively studied by a great variety of experimental techniques, including X-ray 
diffraction (Grubb and Jelinski  1997 ; Parkhe et al.  1997 ), nuclear magnetic reso-
nance (NMR) (Holland et al.  2008a ,  b ), mechanical measurements (Thiel and Viney 
 1997 ; Blackledge et al.  2012 ), Raman spectroscopy (Sirichaisit et al.  2003 ; Rousseau 
et al.  2004 ), polarized Fourier transform infrared (FTIR) spectroscopy (Papadopoulos 
et al.  2007 ), scanning transmission X-ray microscopy (STXM) (Rousseau et al. 
 2007 ), and scanning electron microscopy and atomic force microscopy (Schäfer 
et al.  2008 ). The results showed that the mechanical properties of spider silk were 
largely dependent on their  secondary structures  , which were determined by the 

  Fig. 13.1    Illustration of a typical orb-web spider’s silk glands, different silks produced and their 
applications. ( a )  Piriform   silk is used for the cement of joints and attachments; ( b )  Tubuliform   silk 
is used in the outer layer of egg sac; ( c )  Aciniform   silk is used in the inner layer of egg sac and prey 
wrapping; ( d )  Flagelliform   silk is used as sticky capture spiral silk; ( e ) Major  ampullate   silk is used 
as dragline and structural silk; ( f ) Minor  ampullate   silk is used as auxiliary spiral silk; ( g ) Aggregate 
aqueous glue is produced in the aggregate gland       
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intermolecular organization of the proteins (Rising et al.  2005 ). The  secondary 
structures   of silks include the highly oriented crystalline (the   β -crystallites  ) and 
amorphous noncrystalline domains containing  random coils  ,  β -helices, and   β -sheets   
(Simmons et al.  1996 ; Asakura et al.  2013 ), both of which are essential for the 
mechanical performance of the spider silks (Papadopoulos et al.  2007 ) (Fig.  13.3 ).

   It is clear that both external and internal conditions of spiders affect silk produc-
tion, and thus ultimately, the mechanical properties of the fi nished thread (Vollrath 
 2000 ). We disentangle various factors that may affect the mechanical properties of 
spider silks. A better understanding of these factors is needed in order to generate 
fi bers for specifi c industrial applications, such as designing materials targeted for 
ultra and smart performance, or designing and fabricating new advanced materials 
with applications in kinetic energy buffering and absorption (Du et al.  2011 ). Major 
 ampullate   or  dragline silk   is one of the best studied silk type, so we mainly focus on 
 dragline silk   in this review.  

  Fig. 13.2    Summary of the major factors infl uencing the mechanical properties of spider silk       
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13.3     Factors Affecting Silk Mechanical Properties 

13.3.1     Internal Factors 

 Environmental conditions such as  reeling speed   can affect silk properties (Madsen 
et al.  1999 ; Riekel et al.  1999 ). In forced silking experiments, higher  reeling speeds   
led to silks with higher  Young’s modulus  , breaking stress and lower breaking elon-
gation (Madsen et al.  1999 ; Vollrath et al.  2001 ; Liu et al.  2005 ; Pérez-Rigueiro 
et al.  2005 ). It is probably because with increased  reeling speeds   the molecules and 
liquid crystals of the silk precursor proteins become more and more orientated. The 
increased orientation causes the silk to be stiffer and stronger but less extensible 
(Thiel and Viney  1997 ; Madsen et al.  1999 ; Knight et al.  2000 ; Vollrath et al.  2001 ; 
Liu et al.  2005 ). Du et al. ( 2006 ) found that the protein polypeptide chain network 
structure of spider  dragline silks   changes substantially with  reeling speed  . Wu et al. 
( 2009 ) reported that the   β -crystallites   exhibit a better alignment at higher  reeling 
speed  , implying that the protein macromolecules in amorphous state are better 
aligned under higher  reeling speed  , and are more effi cient in resisting external 
stress. After quantitatively examining the correlation between the content of the 
intramolecular   β -sheets   and the strain-hardening behavior of the   Nephila pilipes    

  Fig. 13.3    Schematic diagram of the micro-structures of a spider’s  dragline silk  . A single thread 
consists of multiple fi brils. The fi brils consist of a mix of highly crystalline domains ( rectangles ) 
interconnected by an amorphous matrix (canted sheet-like structures). The crystalline domains are 
highly oriented  alanine  -rich crystals of  β -sheet, and the amorphous matrix is rich in  glycine  , con-
taining all kinds of combinations of  random coils  , 3 1  helices,  β -helices and  β -turn or   β -spiral   con-
formations. The amorphous chains are connected by  hydrogen bonds   ( black oval spots )       
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(Nephilidae)  dragline silk   at different  reeling speed  , Du et al. ( 2011 ) found that at 
higher  reeling speeds  , the spider is able to produce dragline fi bers with higher 
amount of intramolecular   β -sheets   in the silk fi brils. Therefore, although the occur-
rence of intramolecular   β -sheets   is determined by the genetic makeup of silk, their 
quantity in silk fi brils can be varied by the reeling conditions, such as the  reeling 
speeds   of  silk fi bers  . In the case of naturally spun  dragline silk  , there is considerable 
variability in mechanical properties both within a species and between threads from 
a single individual. Thus, it is possible that spiders are able to tailor the tensile 
behavior of the silk to match certain specifi c purpose by varying the fi ber diameter 
and/or microstructures (Madsen et al.  1999 ). In fact, spiders can regulate the rate of 
spinning, as they possess muscular control of their spinnerets (Lewis  2006 ) and also 
use this as well as their legs as a friction brake to change the speed of spinning 
(Ortlepp and Gosline  2004 ). The upper limit to the forced silking speed might be 
determined by the temperature rise in the friction brake and surrounding tissues. 
The heat produced during the friction brake may affect the structure and mechanical 
properties of the  dragline silk  , because it may enhance the formation of  β -sheet 
crystals and increase the axial alignment of these crystals when the silk is pulled out 
from the spigot in the fi nal stages of silk production (Ortlepp and Gosline  2004 ). In 
addition, the structure of the thin layer of protein chains that coat on the surface of 
the spider silk can also vary with the  reeling speed   (Rousseau et al.  2007 ). The 
slowpull fi ber contains a larger fraction of highly unoriented domains, while the 
protein chains are more homogeneously oriented in the fastpull fi ber. The heat pro-
duced close to the spinnerets during the spinning, the protein dehydration or  pH   
may also be involved (Rousseau et al.  2007 ). The biological meaning of the differ-
ence of mechanical silk property under different spinning speed is that fast spinning 
speed leads to a stiffer fi ber that can better support the spider body weight when it 
attempts a fast vertical descent in response to conditions such as predator attack. On 
the other end, under slow spinning speeds the high density of the unoriented domains 
homogeneously disperses in the fi ber core providing an interdigitated network that 
ensures good energy dissipation in the web structure. 

 During the passage of the  spinning dope   from the lumen through the  spinning 
duct   to the spigot, the dope is exposed to  shear forces   as it moves through a tube 
with small diameter. Such process has been considered to play important roles in the 
phase transition of the silk protein (Knight and Vollrath  1999b ; Pérez-Rigueiro et al. 
 2001 ; Casem et al.  2002 ; Römer and Scheibel  2008 ). As the water is absorbed from 
the dope during its passage along the  spinning duct   (Tillinghast et al.  1984 ; Kojic 
et al.  2004 ), the concentration of proteins is increased with a consequent rise in the 
 shear force   between the proteins in the dope due to strengthened hydrophobic inter-
actions (Eisoldt et al.  2010 ). In the  spinning duct  , the shear stress leads to increased 
aggregation of the  glandular proteins   which most likely triggers the assembly 
 process (Eisoldt et al.  2010 ; Hagn et al.  2010 ). The  shear force   may affect the 
mechanical properties of the silk by determining the  molecular orientation   of the 
silk proteins just before they were pulled out and turned into fi bers (Knight and 
Vollrath  1999b ). It has been reported that during silk pulling out, the conformational 
transition of the glandular silk proteins from random-coil and polyproline-II 
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 helix-like conformations to mainly   β -sheet-rich structures   is promoted (Vollrath and 
Knight  2001 ; Heim et al.  2009 ; Keten et al.  2010 ; Giesa et al.  2011 ). However, it is 
not clear how  shear force   affects  phase conversion   of the  glandular proteins  . After 
examining the elastic stiffness of the concentrated viscous protein solution of the 
dehydrated  N. clavipes  major  ampullate   gland by Brillouin light scattering, Koski 
et al. ( 2012 ) demonstrated that a simple static shear can induce rigidity to the spider 
silk. Future studies may explore how  shear force   affects the silk protein assemblies 
on a nano scale.  

13.3.2     Environmental Factors 

 Spider major  ampullate   (MA) silks vary in mechanical properties in response to 
various environmental stimuli, such as humidity, ambient temperature, wind, and 
solar  radiation   (Blamires et al.  2012a ) (Fig.  13.2 ). 

13.3.2.1       Windy   Condition 

 Environmental factors such as wind pose great challenges to the structure and func-
tioning of spider webs, such as the web geometry and prey capture effi ciency 
(Vollrath et al.  1997 ; Liao et al.  2009 ; Turner et al.  2011 ; Cranford et al.  2012 ; Wu 
et al.  2013 ). Webs that are exposed to strong wind must be composed of MA silk of 
particularly high strength to withstand wind drag and high  extensibility   to optimally 
capture prey without tearing (Liao et al.  2009 ; Cranford et al.  2012 ). It was reported 
that under windy condition, the garden cross spider   Araneus diadematus    (Araneidae) 
built smaller and rounder webs, laying down fewer capture spirals while increasing 
the distance between capture-spiral meshes (Vollrath et al.  1997 ). The persistent 
wind disturbances can cause the seashore-dwelling spider   Cyclosa mulmeinensis    
(Araneidae) to build smaller webs composed of fewer but stronger MA silks (Liao 
et al.  2009 ). Compared to the MA silks produced by the forest dwelling  C.    ginnaga   , 
those of  C.    mulmeinensis    contained higher  glycine   and lower  glutamine   percent-
ages, that may ultimately lead to higher tension and breaking energy (Liao et al. 
 2009 ; Wu et al.  2013 ). However, after comprehensively examining the amino acid 
composition, tensile mechanics, and crystalline structures of the  C.    mulmeinensis    
MA silk spun under windy and control conditions, Blamires et al. ( 2013 ) demon-
strated that wind had affected the density and alignment of the crystalline   β -sheets   
but not the composition of amino acids. The ultimate  tensile strength   of silk is con-
trolled by the size and density of  β -sheet nanocrystals. Nova et al. ( 2010 ) showed 
that the  toughness   of silks will increase when  β -sheet nanocrystal size or density 
decreased. Wind, therefore, may induce  C.    mulmeinensis    to tune the size of  β -sheet 
nanocrystals or even the degree of alignment of the crystalline   β -sheets   (Blamires 
et al.  2013 ). However, so far it is unknown whether wind can exert infl uence on the 
protein alignment within the  amorphous region  , which in turn infl uence the 
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mechanical properties of the MA silk. In addition, wind may also affect the fric-
tional stress at the spigot valve and may result in an increased  shear force   on the silk 
during pulling, which may promote greater alignment in the  amorphous region   and 
further strengthen the fi bers (Blamires et al.  2013 ). These hypotheses are waiting to 
be tested in the future, and fully understanding of the impacts of the wind on the 
mechanics of the silk will inspire researchers and engineers interested in synthesiz-
able and adaptable  biomimetics   (Cranford and Buehler  2010 ).   

13.3.2.2       Ambient Temperature   

 Ambient temperature may also affect the mechanical properties of spider silk. 
Temperature is considered to infl uence a variety of behaviors because of the poten-
tial connection between metabolism and behavior (Careau et al.  2008 ; Houston 
 2010 ). In addition, the body temperature of ectothermic animals usually affects the 
speed of movement (Heinrich  1979 ). Hence, a spider’s natural speed of web build-
ing (or drawing out of silk) is very much dictated by the ambient temperature 
(Vollrath and Knight  2001 ; Vollrath and Porter  2006a ). Vollrath et al. ( 2001 ) showed 
that compared to  N.    edulis    that were silked under cool condition, those silked under 
rising temperature produced silks with similar strength but with higher  toughness   
and smaller diameter. Using the same species, Yang et al. ( 2005 ) showed that the 
 tensile strength   decreased with increasing temperature, and the elongation at break 
decreased with increasing temperature. Interestingly, the MA silk of  N.    edulis    
exhibited remarkable  toughness   at very low temperature (−60 °C to 0 °C), and they 
showed excellent heat resistance (up to 371 °C). This may be attributed to the ther-
mal tolerance ability of the intermolecular  hydrogen bonds   (Yang et al.  2005 ). 
Cunniff et al. ( 1994 ) suggested that the lattice of  hydrogen bonds   holding together 
the  β -sheet crystalline component of spider silk broke down at about 200 
°C. Therefore, unlike most types of polymeric materials, spider silk is more ductile 
and tougher. The mechanical failure at low temperatures, however, has not been 
intensively studied. In addition, ambient temperature can also affect the viscosity of 
the capture spiral. When ambient temperature is low the  glycoproteins   (proteins that 
contain oligosaccharide chains covalently attached to polypeptide side-chains) will 
be stiffened, while the viscosity will be reduced when ambient temperature increases 
(Stellwagen et al.  2014 ). The impact of ambient temperature on the mechanical 
properties of the spider silk has signifi cant consequences on the dispersal behaviors 
of spiders. Bonte et al. ( 2008 ) studied the dispersal behavior of   Erigone atra    
(Linyphiidae) spiderlings, and found that long-distance ballooning occurred more 
frequently under cooler, spring-like conditions and short-distance rappelling was 
more likely to occur under warmer, summer-like conditions. They concluded that 
the thermal conditions experienced by the juvenile spiders during development may 
determine their dispersal tactics (Bonte et al.  2008 ). So far, however the underlying 
mechanism is still not clear. We hypothesize that spiders’ dispersal tactics may be 
infl uenced by the mechanical properties of the silk, which in turn are affected by 
ambient temperatures. Appropriate temperature is also crucial during spinning 
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process because the transition from initiated stage to a fi nal  β -sheet-rich structure 
fi ber is also affected by temperature (Kenney et al.  2002 ; Dicko et al.  2004b ,  2006 ).   

13.3.2.3      Humidity   

 Humidity is another important factor that affects the mechanical properties of spider 
silk. Dew and rain will lead spider dragline fi bers to shrink signifi cantly (up to 50 % 
of its initial length) and restrained silk generates stresses in excess of 50 MPa (Work 
 1981 ; Bell et al.  2002 ; Pérez-Rigueiro et al.  2003 ; Boutry and Blackledge  2010 ). 
This process is known as  supercontraction   (Work  1977a ,  1981 ). Hydrogen-bonding 
is primarily responsible for the secondary and tertiary structuring of proteins, for it 
maintains the alignment of the  amorphous regions   of  spidroins   along the axis of 
major  ampullate    silk fi bers   (Asakura et al.  2013 ). Therefore, the  molecular orienta-
tion   is highly responsive to the environmental humidity (Vollrath and Porter  2006b ; 
Holland et al.  2008b ; Savage and Gosline  2008b ; Creager et al.  2010 ). Water can 
disrupt hydrogen bonding, thereby mobilizing the  spidroins   and allowing them to 
assume a more disordered state (Jelinski et al.  1999 ; Yang et al.  2000 ; Eles and 
Michal  2004 ). The cyclic swelling and contraction under high humidity condition 
may inspire applications. For instance, the powerful cyclic contractions may trigger 
spider silk to act as a high performance mimic of  biological muscles  , which could 
potentially be applied in industry and biomedical sciences (Agnarsson et al.  2009 ). 
 Supercontraction   can maintain tension in webs and does not limit the ability of the 
web to maintain its mechanical integrity under wet conditions (Savage et al.  2004 ). 
However, there is growing evidence showing that  supercontraction   is a central fea-
ture of spinning process (Guinea et al.  2005 ), which provides spiders with a mecha-
nism to control the overall alignment of molecules within the silk during the 
spinning process (Guinea et al.  2005 ; Liu et al.  2005 ). In addition, relative humidity 
also affects the  glycoprotein   of capture spiral (Opell et al.  2011 ; Sahni et al.  2011 ). 
The water contained in the aqueous glue that coats the sticky capture silk largely 
determines the thread characteristics, because it is essential for maintaining the elas-
tic mobility of capture silk proteins (Vollrath and Edmonds  1989 ). After comparing 
the tensile properties of  fl agelliform   fi bers (i.e. axial fi bers without the adhesive 
coating) at different relative humidity, Guinea et al. ( 2010 ) found that that water 
content can infl uence the tensile properties of  fl agelliform   silk. Such fi nding was 
further confi rmed by Perea et al. ( 2013 ), who reported that the properties of axial 
fi bers of sticky spirals were dependent on both the alignment of the protein chains 
and the local relative humidity to which the fi ber was subjected. However,  super-
contraction   is regarded as a constraint of spider silk instead of an evolved feature, 
because it is the result of compromise between strength and  extensibility   (Liu et al. 
 2005 ). In addition, not all kinds of spider silks exhibit  supercontraction  . It was 
reported that this phenomenon is absent in the minor  ampullate   gland silk (miS) of 
two orb-web species,   Argiope trifasciata    (Araneidae) and  N.    inaurata    (Guinea et al. 
 2012 ). The mechanisms underlying the aforementioned difference in  supercontrac-
tion   performance, such as the microstructural information, need to be clarifi ed in the 
future.  
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13.3.2.4      Ultraviolet Radiation   

 Furthermore, environmental condition such as the ultraviolet (UV) radiation can 
also affect the mechanical properties of the native spider silks. For example, expo-
sure to UV induces the draglines and capture threads of  N.    clavata    to degrade. The 
UV irradiation may cause the scission of intermolecular bonds in a large proportion 
of the fi bers (Kitagawa and Kitayama  1997 ). This may explain why some spiders 
need to renew their webs daily in response to exposure to solar energy. Yanagi et al. 
( 2000 ) found that under γ-ray exposure, the silk decomposed in the  amorphous 
region   and the amino acid composition also changed.   

13.3.3      Aging   

 Spider silks undergo physical and mechanical change with aging that also affect 
their mechanical properties (Agnarsson et al.  2008 ). At the initial stage of aging, the 
mechanical performance of  silk fi bers   is even improved. Compared with fresh silks, 
aged silks are stiffer, have higher stress at yield, and the breaking force, elasticity 
and  toughness   are either improved or unaffected, which may due to an increase in 
structural alignment and organization of protein molecules. As the age extends, the 
mechanical properties deteriorate slowly, which may due to the breakdown of amino 
acids (Agnarsson et al.  2008 ). In addition, acid rain also affects the mechanical 
properties of the native silk, but only when the acidity is higher than  pH   4 (Kitagawa 
and Kitayama  1997 ).  

13.3.4     Composition of the Silk Proteins 

 Silk’s extraordinary properties on the macroscopic scale ultimately stem from the 
balance of strength and  extensibility   at the molecular scale, as has been revealed 
extensively in the last decades in synthetic fi bers. The general structure of most 
 spidroins   consists primarily of a central region of repetitive modules, with 10–100 
of these modules making up the core region, and fl anking N (amino) and C 
(carboxyl)-termini that are 100–200 amino acids in length (Ayoub et al.  2007 ). The 
repetitive modules are composed of hundreds of tandem repeats of different amino 
acid motifs, which are hypothesized to fold into various  secondary structures  , and 
contribute specifi c mechanical properties to natural as well as artifi cial  silk fi bers   
(Guerette et al.  1996 ; Hayashi and Lewis  1998 ; Hayashi et al.  1999 ; Hu et al.  2006 ; 
Teulé et al.  2007 ). Major  ampullate   silk is made up of two proteins:  MaSp1   and 
 MaSp2   (Hinman and Lewis  1992 ; Gatesy et al.  2001 ).  MaSp1   consists of  alanine   
(A) n  and  glycine   (GGX-) (X = L, Y, Q, and A) repetitive motifs.  MaSp2   includes a 
proline-containing motif (GPGXX) (X = G, Q, and Y), in addition to the  alanine   
(A) n  and  glycine   motifs (Parkhe et al.  1997 ; Jelinski et al.  1999 ; Gührs et al.  2000 ; 
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Rathore and Sogah  2001 ; Guehrs et al.  2008 ). These motifs are repeated several 
dozen times within a single spidroin core domain. Therefore, the relative quantity of 
 MaSp1   and  MaSp2   in a sample of MA silk are based on the relative amounts of 
 alanine  ,  glycine  , and proline (Liu et al.  2007 ; Savage and Gosline  2008a ,  b ). The 
(GA) n  and (A) n  motifs have been shown to create  β-sheets   which align parallel to 
the fi ber’s axis and bestow  tensile strength   and  toughness   in the fi ber (Jelinski et al. 
 1999 ; Rathore and Sogah  2001 ). The GGX motif forms a Gly II helix (van Beek 
et al.  2002 ; Holland et al.  2008a ) and the GPGXX motif forms a spring-like type II 
β-turn, both are regarded to be responsible for elasticity of the fi ber (Hinman and 
Lewis  1992 ; Hayashi and Lewis  1998 ; Jenkins et al.  2010 ). The mechanical proper-
ties of MA silk are the consequence of the ratio of  MaSp1   and  MaSp2   molecules 
(Creager et al.  2010 ; An et al.  2012 ). Hydrogen bonding is the primary interaction 
responsible for the secondary and tertiary structures of proteins and for the mechan-
ical properties of the fi ber (Keten et al.  2010 ; Asakura et al.  2013 ). Most orb web 
spiders have MA silks high in  MaSp2   (Craig  2003 ). For example, in the MA silk of 
 N. clavipes  the percentage of proline can be more than 4 % (Sponner et al.  2005 ). 
The principal reason is probably associated with the   β -spiral   molecular arrangement 
of the  MaSp2   spidroin as it endows the silk with a combination of strength and 
 extensibility   (Hayashi et al.  1999 ; Liu et al.  2007 ). Amino acid composition of the 
spider silks is predicted to infl uence silks’ mechanical properties because certain 
combination of amino acids may facilitate the production of silk proteins with 
determinable secondary and tertiary structures and properties (Hayashi et al.  1999 ; 
Rising et al.  2005 ). Brooks et al. ( 2008 ) showed that engineering the amino acid 
sequence can alter the mechanical properties of a synthetic  silk fi ber  . The non-repet-
itive terminal motifs which fl ank the core domain have an   α -helical   secondary 
structure arranged in a fi ve-helix bundle. These domains play roles in either high 
concentration  spidroins   storage in the  spinning duct  , or in fi ber assembly 
(Heidebrecht et al.  2015 ). C-terminal non-repetitive domain is a constitutive dimer 
(Hagn et al.  2010 ), while the N-terminal domain dimerizes in response to a lowered 
 pH   (Jaudzems et al.  2012 ; Landreh et al.  2012 ). There is growing evidence showing 
that they have indirect infl uence on the mechanical properties of the fi ber (Hagn 
et al.  2010 ; Heidebrecht et al.  2015 ). The N- and C- terminals are strongly con-
served across different types of silks, both within and among species (Gatesy et al. 
 2001 ; Garb et al.  2010 ; Hagn et al.  2010 ). Future studies may investigate whether 
and how these conserved termini has contributed to the mechanical performance of 
the silk. In addition, the maximal mechanical properties of the  silk fi ber   seem to 
strongly depend on the non-crystal region (Albertson et al.  2014 ; Hinman et al. 
 2014 ). Studies in such area may provide new perspective for understanding the 
relationship between silk proteins and their mechanical properties. 

 Studies of synthetic silk found that protein size also plays a key role in determin-
ing certain mechanical performance of  silk fi bers   (Xia et al.  2010 ). A higher silk 
protein molecular weight is reported to associate with improved mechanical proper-
ties such as  breaking strain  , tenacity and  Young’s modulus   (ratio of stress to strain) 
(Xia et al.  2010 ). It may be because fi bers with larger protein molecules have more 
intermolecular interactions and fewer protein chain ends (An et al.  2011 ). Xia et al. 
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( 2010 ) produced recombinant spider  silk fi bers   with different protein size, and 
found that those with native-sized proteins have mechanical properties comparable 
to native silk, while those with lower molecular weight proteins did not yield similar 
properties. An et al. ( 2011 ) expressed two synthetic silk proteins based on  N. clavi-
pes  major  ampullate   spidroin 1 ( MaSp1  ) sequence, and found that fi bers spun from 
the higher molecular weight protein had overall better mechanical properties.  

13.3.5     Effects of Nutrient Intake 

   Nutrient intake  , especially protein, can infl uence silk synthesis and expression, and 
consequently infl uence the mechanical performance of the silk (Blamires et al. 
 2012b ; Blamires and Tso  2013 ). It has been shown that silk break elongation 
decreases with starvation (Madsen et al.  1999 ). Malnutrition may signifi cantly 
affect the expression of the spider MA silk. For example, spiders express less  MaSp2   
in its MA silk under starvation stress (Zax et al.  2004 ; Guehrs et al.  2008 ). Prey 
variation can induce spiders to produce silks of different protein composition, that 
consequently may affect the mechanical properties of spider silk (Tso et al.  2005 , 
 2007 ; Boutry and Blackledge  2008 ; Blamires et al.  2010 ). After feeding  N.    pilipes    
with different prey source, Tso et al. ( 2005 ) found that dragline of spiders fed with 
orthopteran prey contained signifi cantly higher  glutamine   but lower  alanine   resi-
dues. Using the same species, Blamires et al. ( 2010 ) found that the MA silks from 
spiders fed with live crickets had greater percentages of  glutamine  , serine,  alanine   
and  glycine   than those from spiders feeding on live fl ies. Proline composition of the 
silks, however, was unaffected by feeding regimen. They concluded that spiders can 
genetically alter their silk chemical compositions, and consequently, the mechanical 
properties upon exposure to different prey types (Blamires et al.  2010 ). Their later 
nutrient manipulation study with three spider species ( A. aetherea ,  Cyrtophora 
moluccensis  and  Leucauge blanda ) showed that protein concentration could infl u-
ence the composition of  glutamine  , proline and  alanine   in silk, which in turn induced 
variation in silk  extensibility   and stiffness (Blamires et al.  2012b ). However, it is 
unknown whether the expression of specifi c silk genes was altered upon different 
diet. Some silk amino acids, such as proline, are energetically costly or impossible 
for spiders to synthesize (Craig  2003 ). Therefore, the acquisition of such crucial 
component mainly relies on the silks being consumed and their compounds recy-
cled into successive webs (Townley and Tillinghast  1988 ; Vollrath and Knight 
 2001 ; Craig  2003 ). So, spiders may partition digested protein between somatic pro-
cesses and silk. Such protein allocation tradeoffs may partly explain why spiders 
receiving diets of low or no protein signifi cantly alter the amino acid compositions 
of their silks (Blamires et al.  2012b ). The silks of  N.    pilipes    fed with protein-rich 
solution were stronger, stiffer and more extensible than those of spiders deprived of 
protein (Blamires et al.  2015 ). Results of amino acid analyses showed that the 
protein- deprived spiders down-regulated their  MaSp2   expression, producing MA 
silks with lower percentage of  glutamine  ,  glycine  , and proline (Blamires et al. 
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 2015 ). This result suggested that that  MaSp1   was preferentially expressed when 
spiders were under nutritional stress (Craig et al.  1999 ; Guehrs et al.  2008 ; Blamires 
et al.  2012b ). Besides the infl uence on the MAS silks, nutrient intake can also affect 
the aggregate glues in the sticky spirals (Higgins and Rankin  1999 ; Townley et al. 
 2006 ). Blamires et al. ( 2014 ) found that when the orb web spider  N. clavipes  and the 
cobweb spider  Latrodectus hesperus  (Theridiidae) were deprived of protein intake, 
the gluey silks of both species turned sticker. Protein deprivation induced glue prop-
erty variations, which might be attributed to the change of its biochemical composi-
tion. Ultimately, the impact of protein availability on the silks would impose an 
integral infl uence on web architecture and foraging strategies of web-building spi-
ders (Vollrath and Samu  1997 ; Blamires and Tso  2013 ). For instance, cobweb spi-
ders adjusted thread diameter when fed ‘high’ versus ‘low’ energy prey (Boutry and 
Blackledge  2008 ). In orb-web spiders  A. aemula  and  C.    mulmeinensis   , the number 
of radii increased when fed high protein solutions (Blamires and Tso  2013 ). As 
mentioned previously, spiders may fi ne-tune the silk to improve their mechanical 
performance. However, there is growing evidence that spiders may alter a web’s 
performance through structural changes in silk lines, such as nonlinear response of 
silk threads to strain and their geometrical arrangement in a web (Cranford et al. 
 2012 ; Cranford  2013 ; Meyer et al.  2014 ). Future studies may investigate whether 
there is a tradeoff between structural and material properties of spider silks.   

13.3.6        Ions   and  pH   in Silk Glands 

 The liquid–solid transition of silk proteins occurs in the  spinning duct   of the silk 
glands (Work  1977b ). During the phase transition, soluble proteins with mainly 
helical and unordered random-coil structures convert into insoluble polymers domi-
nated by  β -sheet (Hijirida et al.  1996 ;). This process can be affected by a variety of 
parameters such as  pH  , ionic strength, and the concentration of lyotropic ions (Jin 
and Kaplan  2003 ; Chen et al.  2006 ; Landreh et al.  2010 ; Andersson et al.  2014 ; 
Kronqvist et al.  2014 ). During this process, intensive ion exchanges occur. When 
the  spinning dope   passes through the tapered S-shaped  spinning duct  , Na +  and 
Cl − composition decreased while K + , P and S increased (Knight and Vollrath  2001 ; 
Papadopoulos et al.  2007 ). During the spinning process, concentration of Na +  is 
higher in the silk gland and is lower in the  silk fi ber  , while the concentration of K +  
follows an opposite pattern (Chen et al.  2006 ). These ions play important roles dur-
ing the phase transition of the silk proteins. Fourier transform infrared spectroscopy 
(FTIR), Raman and CD measurements demonstrate that Na +  and K +  can separately 
as well as jointly induce the conformation of spidroin from random coil and/or 
 α -helix into  β -sheet (Chen et al.  2002 ; Dicko et al.  2004a ; Peng et al.  2005 ). Jin and 
Kaplan ( 2003 ) reported that the high concentration of NaCl in the silk gland can 
completely inhibit silk oligomer formation required for thread assembly because the 
hydrophilic interactions of the silk protein with the solvent dominate. As the  spidro-
ins   are rapidly converted into a solid fi ber in the  spinning duct  , the concentrations 
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of NaCl decrease and silk oligomerization is then enabled (Rising et al.  2005 ; Exler 
et al.  2007 ). Kurut et al. ( 2015 ) stated that high salt concentration reduced the ther-
modynamic dimerization of N-terminal (NT) domain of silk protein. Otikovs et al. 
( 2015 ) also suggested that decreasing salt concentration was required in the dimer-
ization of NT domain. 

  pH   values also changed signifi cantly during the processing of silks (Vollrath 
et al.  1998 ; Dicko et al.  2004c ; Rammensee et al.  2008 ; Askarieh et al.  2010 ). The 
value decreases from above 7 in the  spidroins   storage sac to 5.7 in the middle of the 
 spinning duct   (Andersson et al.  2014 ). The  MaSp1   NT domain is highly sensitive to 
changes in pH, which is proposed to function as a pH-regulated relay with a dual 
function: conferring solubility at high pH and facilitating fi ber formation at low pH 
(Askarieh et al.  2010 ; Gaines et al.  2010 ; Hagn et al.  2011 ). When pH value is 
around 6, NT is a homodimer, whereas at high salt concentration and neutral pH, it 
is a monomeric fi ve-helix bundle (Hagn et al.  2010 ,  2011 ; Jaudzems et al.  2012 ; 
Wallace and Shen  2012 ; Schwarze et al.  2013 ). Andersson et al. ( 2014 ) revealed that 
spidroin aggregation is prevented under more neutral pH conditions. However, 
under more acidic pH conditions, NT dimers fi rmly interconnect the  spidroins   and 
the C-terminal (CT) unfolds into  β -sheet nuclei that can trigger rapid  polymeriza-
tion   of the  spidroins  . Comparatively, the impact of pH on CT has not been inten-
sively examined. Askarieh et al. ( 2010 ) pointed out that CT is indifferent to pH 
changes. However, Gauthier et al. ( 2014 ) stated that  MaSp1   CT structure of  N. 
clavipes  is very sensitive to pH changes. Andersson et al. ( 2014 ) found that pH had 
opposite effects on the two domains’ stability to temperature and urea. The NT 
dimerized at pH 6 in the beginning of the duct, and became increasingly stable as 
the pH dropped along the duct. In contrast, the C-terminal domain destabilized as 
the pH dropped, gradually unfolding until it formed the  β -sheet at pH value of 5.5. 
The change of the pH value in the  spinning duct   has a close relationship with the 
concentration of CO 2 , which is generated by carbonic anhydrase in the silk gland. 
The pH decreases along the gland, but the concentrations of both HCO 3  −  and CO 2  
increase (Andersson et al.  2014 ). Therefore, CO 2  in the silk gland may also affect 
the mechanical properties of the silk since it plays crucial roles in silk formation.    

13.3.7      Biominerals   and Polar Chemical Compounds 
in the Silk 

  Artifi cial biomaterial research has shown that supplementing low concentrations of 
 biominerals  , such as Zn−, Mn−, Ca−, or Cu− based minerals, can enhance the 
mechanical properties of tissues (Lichtenegger et al.  2002 ; Pontin et al.  2007 ; Cribb 
et al.  2008 ). Earlier studies showed that protein stability could be improved by che-
lation to metal ions or nanominerals due to the strengthening of the protein matrix 
(Kellis et al.  1991 ; Arnold and Zhang  1994 ). The technology of incorporating metal 
nanocomposites into spider silk to generate  chimeric fusion proteins   has been 
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mainly applied in medicines. For example, silk fabrics treated with silver hydrosol 
showed great antimicrobial activity (Kang et al.  2007 ; Gulrajani et al.  2008 ). 
However, few studies have explored the application potential of this technique to 
the synthesis of artifi cial  silk fi bers   with desired mechanical properties. Foo et al. 
( 2006 ) successfully introduced silica into  MaSp1   protein of  N. clavipes  to obtain a 
novel family of chimeric proteins. They demonstrated that the nanocomposite mor-
phology and structure could be regulated by controlling the processing conditions 
to produce fi lms and fi bers with different mechanical properties. Porter and Vollrath 
( 2009 ) predicted that materials using the folded nanostructure of silk as a template 
for mineral-organic nanocomposites may achieve even higher strength and  tough-
ness   than natural silks. Lee et al. ( 2009 ) incorporated zinc oxide (ZnO), titanium 
dioxide (TiO 2 ), and aluminum oxide (Al 2 O 3 ) combined with water into the inner 
protein structures of the spider  dragline silks   by the multiple pulsed vapor-phase 
infi ltration process, and they found the  toughness   of such silks to be greatly 
improved. After compositing regenerated silk fi broin (RSF) with nanoanatase TiO 2 , 
Pan et al. ( 2014 ) found that the  toughness   of the artifi cial silk was greatly improved 
and exceeded that of silkworm silk. The RSF–TiO 2  fi bers exhibited more 
 α -helix/ random coils  , fewer   β -sheets  , smaller crystallites and lower crystallinity 
than the original RSF fi ber. It is probably because the nanoanatase interacts strongly 
with the fi broin matrix through coordination complexes (Ti–protein) and  hydrogen 
bonds  , which prevent the conformation transition from random coil/ α -helix to 
 β -sheet, and the crystallization is confi ned (Pan et al.  2014 ). Although the exact 
infi ltration mechanisms and intermolecular bonding states between proteins and 
metals have not been determined (Lee et al.  2009 ), improving mechanical proper-
ties by incorporating minerals to change the structure of the fi ber may be a promis-
ing direction for producing ultrastrong fi bers. 

 In addition, treating silks with polar solvents or vapor always greatly reduces the 
stiffness and improves the  breaking strain   signifi cantly (Shao and Vollrath  1999 ; 
Vehoff et al.  2007 ; Schäfer et al.  2008 ). Compared with polar solvents with larger 
molecules, those with smaller molecules can infl uence the mechanical properties of 
silks more intensively, as they penetrate the silk more easily and interact more 
strongly with polar groups of polypeptide chains inside the silk (Shao et al.  1999 ).    

13.4     Current and Potential Biomimetic Applications 

 The primary motivation of spider silk research is to create fi bers with desired 
mechanical properties. However, studies conducted with natural spider silk or 
recombinant spider silk protein analogues by experts from various disciplines using 
advanced technologies (Lewis  2006 ) inspired applications in various biomedical 
fi elds such as tissue engineering (Rising et al.  2011 ). The plasticity of spider silks 
renders them as ideal scaffolds that mimic the mechanical properties of the targeted 
tissue and could serve as matrix for adhesion, growth, migration, and differentiation 
of endogenous and/or implanted cells (Johansson and Rising  2014 ). For example, it 
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has been reported that spider  silk fi bers   are viable graft and guiding material in 
promoting nerve regeneration (Allmeling et al.  2008 ; Radtke et al.  2011 ; Huang 
et al.  2012 ). Additionally, spider silks have also been successfully applied in fi elds 
such as skin replacement and regeneration (Wendt et al.  2011 ), cell adhesion and 
proliferation (Widhe et al.  2010 ,  2013 ; Wohlrab et al.  2012 ), artifi cial blood vessels 
(Xiang et al.  2011 ), wound suture (Lu et al.  2010 ; Kuhbier et al.  2011 ), drug encap-
sulation and delivery (Slotta et al.  2008 ; Lammel et al.  2011 ; Wenk et al.  2011 ) and 
bone regeneration (Polo-Corrales et al.  2014 ). Recent studies showed that spider 
silks may also target the environment of the intermediate states that are formed dur-
ing tissue repair (Polo-Corrales et al.  2014 ). Therefore, spider silks’ application may 
expand to more fi elds in the future. As spider silks may support the growth of mam-
malian cells  in vitro  (Lintz and Scheibel  2013 ), they could be engineered as biocom-
patible implants with low risk of rejection (Rising et al.  2011 ). In addition, other 
applications have also been inspired by the special characteristics of spider silks. 
For example, the powerful cyclic contractions of spider  dragline silks   may allow it 
to act as a high performance mimic of  biological muscles   (Agnarsson et al.  2009 ). 
The water-collecting ability of capture silk of the cribellate spider  Uloborus walck-
enaerius  (Uloboridae) motivated scientists to design materials for collecting water 
from the air in arid areas (Zheng et al.  2010 ).  

13.5     Summary and Future Expectations 

 Spider silk belongs to a unique family of  biopolymers   that can provide a valuable 
biomimetic reference point for biological and synthetic structural polymers (Porter 
and Vollrath  2009 ). We reviewed various factors that have been known to infl uence 
spider silks’ mechanical properties. They include internal factors, such as the 
pulling/ reeling speed   of the silk, and environmental factors, such as humidity, ambi-
ent temperature, wind,  solar radiation   and nutrient intake. These factors affect silk 
properties by changing the structural alignment and organization of molecules, or 
the composition of proteins in the fi ber. Studies of the spinning process revealed that 
factors such as  shear force  , ions and  pH   value in silk glands can also greatly infl u-
ence the mechanical properties of the fi nal product. Other factors such as silk age, 
silk protein size and crystal density and alignment can also infl uence its mechanical 
property. In addition, incorporating certain  biominerals   into the silk during synthe-
sis to generate  chimeric fusion proteins   can adjust its mechanical properties to meet 
the needs of industry. A comprehensive understanding of these factors is essential 
for mass production and application. By outlining those factors here, we believe 
that it would be a useful reference for researchers who are interested in designing 
 silk fi bers   for specifi c applications. Recently, certain important advances have been 
made towards generating spider silk mimics, such as characterization of full-length 
 spidroins   (Chen et al.  2012 ) and sequencing of spider genomes (Sanggaard et al. 
 2014 ). However, there are also challenges needing to overcome, such as how to 
keep recombinant  spidroins   soluble at high concentrations without the use of harsh 
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solvents, and how to control the effect of CO 2  on the  spidroins   during spinning. We 
believe that the technological progresses obtained so far, when integrated with our 
understanding of mechanisms occurred during natural spinning process of spider 
silk, would enable researchers to produce  biomimetics   for various purposes in the 
near future.      

   References 

     Agnarsson I, Boutry C, Blackledge TA (2008) Spider silk aging: initial improvement in a high 
performance material followed by slow degradation. J Exp Zool A 309A:494–504  

     Agnarsson I, Dhinojwala A, Sahni V, Blackledge TA (2009) Spider silk as a novel high perfor-
mance biomimetic muscle driven by humidity. J Exp Biol 212:1989–1993  

    Albertson AE, Teulé F, Weber W, Yarger JL, Lewis RV (2014) Effects of different post-spin stretch-
ing conditions on the mechanical properties of synthetic spider silk fi bers. J Mech Behav 
Biomed 29:225–234  

    Allmeling C, Jokuszies A, Reimers K, Kall S, Choi CY, Brandes G, Kasper C, Scheper T, 
Guggenheim M, Vogt PM (2008) Spider silk fi bres in artifi cial nerve constructs promote 
peripheral nerve regeneration. Cell Prolif 41:408–420  

     An B, Hinman MB, Holland GP, Yarger JL, Lewis RV (2011) Inducing β-sheets formation in syn-
thetic spider silk fi bers by aqueous post-spin stretching. Biomacromolecules 12:2375–2381  

    An B, Jenkins JE, Sampath S, Holland GP, Hinman M, Yarger JL, Lewis R (2012) Reproducing 
natural spider silks’ copolymer behavior in synthetic silk mimics. Biomacromolecules 
13:3938–3948  

        Andersson M, Chen G, Otikovs M, Landreh M, Nordling K, Kronqvist N, Westermark P, Jörnvall 
H, Knight S, Ridderstråle Y, Holm L, Meng Q, Jaudzems K, Chesler M, Johansson J, Rising A 
(2014) Carbonic anhydrase generates CO 2  and H +  that drive spider silk formation via opposite 
effects on the terminal domains. PLoS Biol 12:e1001921  

    Arnold FH, Zhang JH (1994) Metal-mediated protein stabilization. Trends Biotechnol 
12:189–192  

      Asakura T, Suzuki Y, Nakazawa Y, Holland GP, Yarger JL (2013) Elucidating silk structure using 
solid-state NMR. Soft Matter 9:11440–11450  

      Askarieh G, Hedhammar M, Nordling K, Saenz A, Casals C, Rising A, Johansson J, Knight SD 
(2010) Self-assembly of spider silk proteins is controlled by a pH-sensitive relay. Nature 
465:236–238  

    Ayoub NA, Garb JE, Tinghitella RM, Collin MA, Hayashi CY (2007) Blueprint for a high- 
performance biomaterial: full-length spider dragline silk genes. PLoS One 2:e514  

    Bell FI, McEwen IJ, Viney C (2002) Fibre science: supercontraction stress in wet spider dragline. 
Nature 416:37  

     Blackledge TA, Hayashi CY (2006) Silken toolkits: biomechanics of silk fi bers spun by the orb 
web spider  Argiope argentata  (Fabricius 1775). J Exp Biol 209:2452–2461  

    Blackledge TA, Pérez-Rigueiro J, Plaza GR, Perea B, Navarro A, Guinea GV, Elices M (2012) 
Sequential origin in the high performance properties of orb spider dragline silk. Sci Rep 2:782  

      Blamires SJ, Tso IM (2013) Nutrient-mediated architectural plasticity of a predatory trap. PLoS 
One 8:e54558  

      Blamires SJ, Chao IC, Tso IM (2010) Prey type, vibrations and handling interactively infl uence 
spider silk expression. J Exp Biol 213:3906–3910  

    Blamires SJ, Wu CL, Blackledge TA, Tso IM (2012a) Environmentally induced post-spin property 
changes in spider silks: infl uences of web type, spidroin composition and ecology. Biol J Linn 
Soc 106:580–588  

13 Spider Silk: Factors Affecting Mechanical Properties and Biomimetic Applications



506

       Blamires SJ, Wu CL, Tso IM (2012b) Variation in protein intake induces variation in spider silk 
expression. PLoS One 7:e31626  

      Blamires SJ, Wu CC, Wu CL, Sheu HS, Tso IM (2013) Uncovering spider silk nanocrystalline 
variations that facilitate wind-induced mechanical property changes. Biomacromolecules 
14:3484–3490  

    Blamires SJ, Sahni V, Dhinojwala A, Blackledge TA, Tso IM (2014) Nutrient deprivation induces 
property variations in spider gluey silk. PLoS One 9:e88487  

     Blamires SJ, Liao CP, Chang CK, Chuang YC, Wu CL, Blackledge TA, Sheu HS, Tso IM (2015) 
Mechanical performance of spider silk is robust to nutrient-mediated changes in protein com-
position. Biomacromolecules 16:1218–1225  

     Bonte D, Travis JMJ, De Clercq N, Zwertvaegher I, Lens L (2008) Thermal conditions during 
juvenile development affect adult dispersal in a spider. Proc Natl Acad Sci U S A 
105:17000–17005  

     Boutry C, Blackledge TA (2008) The common house spider alters the material and mechanical 
properties of cobweb silk in response to different prey. J Exp Zool A 309A:542–552  

    Boutry C, Blackledge TA (2010) Evolution of supercontraction in spider silk: structure–function 
relationship from tarantulas to orb-weavers. J Exp Biol 213:3505–3514  

    Brooks AE, Stricker SM, Joshi SB, Kamerzell TJ, Middaugh CR, Lewis RV (2008) Properties of 
synthetic spider silk fi bers based on  Argiope aurantia  MaSp2. Biomacromolecules 
9:1506–1510  

    Careau V, Thomas D, Humphries MM, Réale D (2008) Energy metabolism and animal personality. 
Oikos 117:641–653  

    Casem ML, Tran LPP, Moore AMF (2002) Ultrastructure of the major ampullate gland of the black 
widow spider,  Latrodectus hesperus . Tissue Cell 34:427–436  

    Chen X, Knight DP, Shao ZZ, Vollrath F (2002) Conformation transition in silk protein fi lms moni-
tored by time-resolved Fourier transform infrared spectroscopy: effect of potassium ions on 
 Nephila  spidroin fi lms. Biochemistry 41:14944–14950  

     Chen X, Shao ZZ, Vollrath F (2006) The spinning processes for spider silk. Soft Matter 
2:448–451  

    Chen G, Liu X, Zhang Y, Lin S, Yang Z, Johansson J, Rising A, Meng Q (2012) Full-length minor 
ampullate spidroin gene sequence. PLoS One 7:e52293  

       Craig CL (2003) Spiderwebs and silk: tracing evolution from molecules to genes to phenotypes. 
Oxford University Press, Oxford  

    Craig CL, Hsu M, Kaplan D, Pierce NE (1999) A comparison of the composition of silk proteins 
produced by spiders and insects. Int J Biol Macromol 24:109–118  

    Cranford SW (2013) Increasing silk fi bre strength through heterogeneity of bundled fi brils. J R Soc 
Interface 10:20130148  

    Cranford SW, Buehler MJ (2010) Materiomics: biological protein materials, from nano to macro. 
Nanotechnol Sci Appl 3:127–148  

      Cranford SW, Tarakanova A, Pugno NM, Buehler MJ (2012) Nonlinear material behaviour of 
spider silk yields robust webs. Nature 482:72–76  

     Creager MS, Jenkins JE, Thagard-Yeaman LA, Brooks AE, Jones JA, Lewis RV, Holland GP, 
Yarger JL (2010) Solid-state NMR comparison of various spiders’ dragline silk fi ber. 
Biomacromolecules 11:2039–2043  

    Cribb BW, Stewart A, Huang H, Truss R, Noller B, Rasch R, Zalucki MP (2008) Insect mandi-
bles—comparative mechanical properties and links with metal incorporation. 
Naturwissenschaften 95:17–23  

    Cunniff PM, Fossey SA, Auerbach MA, Song JW, Kaplan DL, Adams WW, Eby RK, Mahoney D, 
Vezie DL (1994) Mechanical and thermal properties of dragline silk from the spider  Nephila 
clavipes . Polym Adv Technol 5:401–410  

    Dicko C, Kenney JM, Knight D, Vollrath F (2004a) Transition to a β-sheet-rich structure in spi-
droin in vitro: the effects of pH and cations. Biochemistry 43:14080–14087  

S. Zhang and I.-M. Tso



507

    Dicko C, Knight D, Kenney JM, Vollrath F (2004b) Secondary structures and conformational 
changes in fl agelliform, cylindrical, major, and minor ampullate silk proteins. Temperature and 
concentration effects. Biomacromolecules 5:2105–2115  

    Dicko C, Vollrath F, Kenney JM (2004c) Spider silk protein refolding is controlled by changing 
pH. Biomacromolecules 5:704–710  

    Dicko C, Kenney JM, Vollrath F (2006)  β -silks: enhancing and controlling aggregation. In: 
Advances in protein chemistry. Academic Press, New York, pp 17–53  

    Du N, Liu XY, Narayanan J, Li L, Lim MLM, Li D (2006) Design of superior spider silk: from 
nanostructure to mechanical properties. Biophys J 91:4528–4535  

     Du N, Yang Z, Liu XY, Li Y, Xu HY (2011) Structural origin of the strain-hardening of spider silk. 
Adv Funct Mater 21:772–778  

     Eisoldt L, Hardy JG, Heim M, Scheibel TR (2010) The role of salt and shear on the storage and 
assembly of spider silk proteins. J Struct Biol 170:413–419  

    Eles PT, Michal CA (2004) Strain dependent local phase transitions observed during controlled 
supercontraction reveal mechanisms in spider silk. Macromolecules 37:1342–1345  

    Exler JH, Hümmerich D, Scheibel T (2007) The amphiphilic properties of spider silks are impor-
tant for spinning. Angew Chem Int Ed 46:3559–3562  

       Foelix RF (2011) Biology of spiders, 3rd edn. Oxford University Press, Oxford  
    Foo CWP, Patwardhan SV, Belton DJ, Kitchel B, Anastasiades D, Huang J, Naik RR, Perry CC, 

Kaplan DL (2006) Novel nanocomposites from spider silk–silica fusion (chimeric) proteins. 
Proc Natl Acad Sci U S A 103:9428–9433  

    Gaines WA, Sehorn MG, Marcotte WR (2010) Spidroin N-terminal domain promotes a pH- 
dependent association of silk proteins during self-assembly. J Biol Chem 285:40745–40753  

    Garb J, Ayoub N, Hayashi C (2010) Untangling spider silk evolution with spidroin terminal 
domains. BMC Evol Biol 10:243  

     Gatesy J, Hayashi C, Motriuk D, Woods J, Lewis R (2001) Extreme diversity, conservation, and 
convergence of spider silk fi broin sequences. Science 291:2603–2605  

    Gauthier M, Leclerc J, Lefèvre T, Gagné SM, Auger M (2014) Effect of pH on the structure of the 
recombinant C-terminal domain of  Nephila clavipes  dragline silk protein. Biomacromolecules 
15:4447–4454  

    Giesa T, Arslan M, Pugno NM, Buehler MJ (2011) Nanoconfi nement of spider silk fi brils begets 
superior strength, extensibility, and toughness. Nano Lett 11:5038–5046  

    Gosline JM, Guerette PA, Ortlepp CS, Savage KN (1999) The mechanical design of spider silks: 
from fi broin sequence to mechanical function. J Exp Biol 202:3295–3303  

    Grubb DT, Jelinski LW (1997) Fiber morphology of spider silk: the effects of tensile deformation. 
Macromolecules 30:2860–2867  

      Guehrs KH, Schlott B, Grosse F, Weisshart K (2008) Environmental conditions impinge on drag-
line silk protein composition. Insect Mol Biol 17:553–564  

    Guerette PA, Ginzinger DG, Weber BHF, Gosline JM (1996) Silk properties determined by gland- 
specifi c expression of a spider fi broin gene family. Science 272:112–115  

    Gührs KH, Weisshart K, Grosse F (2000) Lessons from nature — protein fi bers. Rev Mol 
Biotechnol 74:121–134  

     Guinea GV, Elices M, Pérez-Rigueiro J, Plaza GR (2005) Stretching of supercontracted fi bers: a 
link between spinning and the variability of spider silk. J Exp Biol 208:25–30  

    Guinea GV, Cerdeira M, Plaza GR, Elices M, Pérez-Rigueiro J (2010) Recovery in viscid line 
fi bers. Biomacromolecules 11:1174–1179  

    Guinea GV, Elices M, Plaza GR, Perea GB, Daza R, Riekel C, Agulló-Rueda F, Hayashi C, Zhao 
Y, Pérez-Rigueiro J (2012) Minor ampullate silks from  Nephila  and  Argiope  spiders: tensile 
properties and microstructural characterization. Biomacromolecules 13:2087–2098  

    Gulrajani ML, Gupta D, Periyasamy S, Muthu SG (2008) Preparation and application of silver 
nanoparticles on silk for imparting antimicrobial properties. J Appl Polym Sci 108:614–623  

        Hagn F, Eisoldt L, Hardy JG, Vendrely C, Coles M, Scheibel T, Kessler H (2010) A conserved 
spider silk domain acts as a molecular switch that controls fi bre assembly. Nature 
465:239–242  

13 Spider Silk: Factors Affecting Mechanical Properties and Biomimetic Applications



508

     Hagn F, Thamm C, Scheibel T, Kessler H (2011) pH-dependent dimerization and salt-dependent 
stabilization of the  N-terminal domain of spider dragline silk-implications for fi ber formation. 
Angew Chem Int Ed 50:310–313  

    Hardy JG, Scheibel TR (2009) Production and processing of spider silk proteins. J Polym Sci A1 
47:3957–3963  

     Hayashi CY, Lewis RV (1998) Evidence from fl agelliform silk cDNA for the structural basis of 
elasticity and modular nature of spider silks. J Mol Biol 275:773–784  

      Hayashi CY, Shipley NH, Lewis RV (1999) Hypotheses that correlate the sequence, structure, and 
mechanical properties of spider silk proteins. Int J Biol Macromol 24:271–275  

     Heidebrecht A, Eisoldt L, Diehl J, Schmidt A, Geffers M, Lang G, Scheibel T (2015) Biomimetic 
fi bers made of recombinant spidroins with the same toughness as natural spider silk. Adv Mater 
27:2189–2194  

    Heim M, Keerl D, Scheibel T (2009) Spider silk: from soluble protein to extraordinary fi ber. 
Angew Chem Int Ed 48:3584–3596  

    Heinrich B (1979) Keeping a cool head: honeybee thermoregulation. Science 205:1269–1271  
    Higgins L, Rankin MA (1999) Nutritional requirements for web synthesis in the tetragnathid spi-

der  Nephila clavipes . Physiol Entomol 24:263–270  
    Hijirida DH, Do KG, Michal C, Wong S, Zax D, Jelinski LW (1996)  13 C NMR of  Nephila clavipes  

major ampullate silk gland. Biophys J 71:3442  
    Hinman MB, Lewis RV (1992) Isolation of a clone encoding a second dragline silk fi broin.  Nephila 

clavipes  dragline silk is a two-protein fi ber. J Biol Chem 267:19320–19324  
    Hinman MB, Teulé F, Perry D, An B, Adrianos S, Albertson A, Lewis R (2014) Modular spider silk 

fi bers: defi ning new modules and optimizing fi ber properties. In: Biotechnology of silk. 
Springer, New York, pp 137–164  

     Holland GP, Creager MS, Jenkins JE, Lewis RV, Yarger JL (2008a) Determining secondary struc-
ture in spider dragline silk by carbon-carbon correlation solid-state NMR spectroscopy. J Am 
Chem Soc 130:9871–9877  

     Holland GP, Jenkins JE, Creager MS, Lewis RV, Yarger JL (2008b) Solid-state NMR investigation 
of major and minor ampullate spider silk in the native and hydrated states. Biomacromolecules 
9:651–657  

    Houston AI (2010) Evolutionary models of metabolism, behaviour and personality. Philos Trans R 
Soc Lond Ser B Biol Sci 365:3969–3975  

    Hu X, Vasanthavada K, Kohler K, McNary S, Moore A, Vierra C (2006) Molecular mechanisms of 
spider silk. Cell Mol Life Sci 63:1986–1999  

    Huang W, Begum R, Barber T, Ibba V, Tee NCH, Hussain M, Arastoo M, Yang Q, Robson LG, 
Lesage S, Gheysens T, Skaer NJV, Knight DP, Priestley JV (2012) Regenerative potential of 
silk conduits in repair of peripheral nerve injury in adult rats. Biomaterials 33:59–71  

     Jaudzems K, Askarieh G, Landreh M, Nordling K, Hedhammar M, Jörnvall H, Rising A, Knight 
SD, Johansson J (2012) pH-dependent dimerization of spider silk N-terminal domain requires 
relocation of a wedged tryptophan side chain. J Mol Biol 422:477–487  

      Jelinski LW, Blye A, Liivak O, Michal C, LaVerde G, Seidel A, Shah N, Yang Z (1999) Orientation, 
structure, wet-spinning, and molecular basis for supercontraction of spider dragline silk. Int 
J Biol Macromol 24:197–201  

    Jenkins JE, Creager MS, Butler EB, Lewis RV, Yarger JL, Holland GP (2010) Solid-state NMR 
evidence for elastin-like β-turn structure in spider dragline silk. Chem Commun 
46:6714–6716  

     Jin HJ, Kaplan DL (2003) Mechanism of silk processing in insects and spiders. Nature 
424:1057–1061  

    Johansson J, Rising A (2014) Evaluation of functionalized spider silk matrices: choice of cell types 
and controls are important for detecting specifi c effects. Front Bioeng Biotechnol 2:50  

    Kang M, Jung R, Kim HS, Youk JH, Jin HJ (2007) Silver nanoparticles incorporated electrospun 
silk fi bers. J Nanosci Nanotechnol 7:3888–3891  

S. Zhang and I.-M. Tso



509

    Kellis JT, Todd RJ, Arnold FH (1991) Protein stabilization by engineered metal chelation. Nat 
Biotechnol 9:994–995  

    Kenney JM, Knight D, Wise MJ, Vollrath F (2002) Amyloidogenic nature of spider silk. Eur 
J Biochem 269:4159–4163  

     Keten S, Xu Z, Ihle B, Buehler MJ (2010) Nanoconfi nement controls stiffness, strength and 
mechanical toughness of β-sheet crystals in silk. Nat Mater 9:359–367  

     Kitagawa M, Kitayama T (1997) Mechanical properties of dragline and capture thread for the 
spider  Nephila clavata . J Mater Sci 32:2005–2012  

    Knight D, Vollrath F (1999a) Hexagonal columnar liquid crystal in the cells secreting spider silk. 
Tissue Cell 31:617–620  

      Knight DP, Vollrath F (1999b) Liquid crystals and fl ow elongation in a spider’s silk production 
line. Proc R Soc B 266:519–523  

    Knight DP, Vollrath F (2001) Changes in element composition along the spinning duct in a  Nephila  
spider. Naturwissenschaften 88:179–182  

    Knight DP, Knight MM, Vollrath F (2000) Beta transition and stress-induced phase separation in 
the spinning of spider dragline silk. Int J Biol Macromol 27:205–210  

    Kojic N, Kojic M, Gudlavalleti S, McKinley G (2004) Solvent removal during synthetic and 
 Nephila  fi ber spinning. Biomacromolecules 5:1698–1707  

    Koski KJ, McKiernan K, Akhenblit P, Yarger JL (2012) Shear-induced rigidity in spider silk 
glands. Appl Phys Lett 101:103701  

    Kronqvist N, Otikovs M, Chmyrov V, Chen G, Andersson M, Nordling K, Landreh M, Sarr M, 
Jörnvall H, Wennmalm S, Widengren J, Meng Q, Rising A, Otzen D, Knight SD, Jaudzems K, 
Johansson J (2014) Sequential pH-driven dimerization and stabilization of the N-terminal 
domain enables rapid spider silk formation. Nat Commun 5:3254  

    Kuhbier JW, Reimers K, Kasper C, Allmeling C, Hillmer A, Menger B, Vogt PM, Radtke C (2011) 
First investigation of spider silk as a braided microsurgical suture. J Biomed Mater Res A 
97B:381–387  

    Kurut A, Dicko C, Lund M (2015) Dimerization of terminal domains in spiders silk proteins is 
controlled by electrostatic anisotropy and modulated by hydrophobic patches. ACS Biomater 
Sci Eng 1:363–371  

    Lammel A, Schwab M, Hofer M, Winter G, Scheibel T (2011) Recombinant spider silk particles 
as drug delivery vehicles. Biomaterials 32:2233–2240  

    Landreh M, Askarieh G, Nordling K, Hedhammar M, Rising A, Casals C, Astorga-Wells J, Alvelius 
G, Knight SD, Johansson J, Jörnvall H, Bergman T (2010) A pH-dependent dimer lock in spi-
der silk protein. J Mol Biol 404:328–336  

    Landreh M, Johansson J, Rising A, Presto J, Jornvall H (2012) Control of amyloid assembly by 
autoregulation. Biochem J 447:185–192  

     Lee SM, Pippel E, Gösele U, Dresbach C, Qin Y, Chandran CV, Bräuniger T, Hause G, Knez M 
(2009) Greatly increased toughness of infi ltrated spider silk. Science 324:488–492  

      Lewis RV (2006) Spider silk: ancient ideas for new biomaterials. Chem Rev 106:3762–3774  
       Liao CP, Chi KJ, Tso IM (2009) The effects of wind on trap structural and material properties of a 

sit-and-wait predator. Behav Ecol 20:1194–1203  
    Lichtenegger HC, Schöberl T, Bartl MH, Waite H, Stucky GD (2002) High abrasion resistance 

with sparse mineralization: copper biomineral in worm jaws. Science 298:389–392  
     Lintz ES, Scheibel TR (2013) Dragline, egg stalk and byssus: a comparison of outstanding protein 

fi bers and their potential for developing new materials. Adv Funct Mater 23:4467–4482  
       Liu Y, Shao ZZ, Vollrath F (2005) Relationships between supercontraction and mechanical proper-

ties of spider silk. Nat Mater 4:901–905  
     Liu Y, Sponner A, Porter D, Vollrath F (2007) Proline and processing of spider silks. 

Biomacromolecules 9:116–121  
    Lu B, Zheng J, Chen D, Li M (2010) Evaluation of a new type of wound dressing made from 

recombinant spider silk protein using rat models. Burns 36:891–896  

13 Spider Silk: Factors Affecting Mechanical Properties and Biomimetic Applications



510

        Madsen B, Shao ZZ, Vollrath F (1999) Variability in the mechanical properties of spider silks on 
three levels: interspecifi c, intraspecifi c and intraindividual. Int J Biol Macromol 24:301–306  

    Meyer A, Pugno NM, Cranford SW (2014) Compliant threads maximize spider silk connection 
strength and toughness. J R Soc Interface 11:20140561  

     Moon MJ, An JS (2006) Microstructure of the silk apparatus of the comb‐footed spider, 
 Achaearanea tepidariorum  (Araneae: Theridiidae). Entomol Res 36:56–63  

    Nova A, Keten S, Pugno NM, Redaelli A, Buehler MJ (2010) Molecular and nanostructural mecha-
nisms of deformation, strength and toughness of spider silk fi brils. Nano Lett 10:2626–2634  

    Opell BD, Karinshak SE, Sigler MA (2011) Humidity affects the extensibility of an orb-weaving 
spider’s viscous thread droplets. J Exp Biol 214:2988–2993  

     Ortlepp CS, Gosline JM (2004) Consequences of forced silking. Biomacromolecules 5:727–731  
    Otikovs M, Chen G, Nordling K, Landreh M, Meng Q, Jörnvall H, Kronqvist N, Rising A, 

Johansson J, Jaudzems K (2015) Diversifi ed structural basis of a conserved molecular mecha-
nism for pH-dependent dimerization in spider silk N-terminal domains. ChemBioChem 
16:1720–1724  

     Pan H, Zhang Y, Shao H, Hu X, Li X, Tian F, Wang J (2014) Nanoconfi ned crystallites toughen 
artifi cial silk. J Mater Chem 2:1408–1414  

      Papadopoulos P, Sölter J, Kremer F (2007) Structure-property relationships in major ampullate 
spider silk as deduced from polarized FTIR spectroscopy. Eur Phys J E 24:193–199  

     Parkhe AD, Seeley SK, Gardner K, Thompson L, Lewis RV (1997) Structural studies of spider silk 
proteins in the fi ber. J Mol Recognit 10:1–6  

    Peng XN, Shao ZZ, Chen X, Knight DP, Wu PY, Vollrath F (2005) Further investigation on 
potassium- induced conformation transition of  Nephila  spidroin fi lm with two-dimensional 
infrared correlation spectroscopy. Biomacromolecules 6:302–308  

    Perea GB, Plaza GR, Guinea GV, Elices M, Velasco B, Pérez-Rigueiro J (2013) The variability and 
interdependence of spider viscid line tensile properties. J Exp Biol 216:4722–4728  

    Pérez-Rigueiro J, Elices M, Llorca J, Viney C (2001) Tensile properties of  Attacus atlas  silk sub-
merged in liquid media. J Appl Polym Sci 82:53–62  

    Pérez-Rigueiro J, Elices M, Guinea GV (2003) Controlled supercontraction tailors the tensile 
behaviour of spider silk. Polymer 44:3733–3736  

    Pérez-Rigueiro J, Elices M, Plaza G, Real JI, Guinea GV (2005) The effect of spinning forces on 
spider silk properties. J Exp Biol 208:2633–2639  

   Platnick NI (2013) The world spider catalog, version 14.0. American Museum of Natural History  
     Polo-Corrales L, Latorre-Esteves M, Ramirez-Vick JE (2014) Scaffold design for bone regenera-

tion. J Nanosci Nanotechnol 14:15–56  
    Pontin MG, Moses DN, Waite JH, Zok FW (2007) A nonmineralized approach to abrasion- resistant 

biomaterials. Proc Natl Acad Sci U S A 104:13559–13564  
     Porter D, Vollrath F (2009) Silk as a biomimetic ideal for structural polymers. Adv Mater 

21:487–492  
    Radtke C, Allmeling C, Waldmann KH, Reimers K, Thies K, Schenk HC, Hillmer A, Guggenheim 

M, Brandes G, Vogt PM (2011) Spider silk constructs enhance axonal regeneration and remy-
elination in long nerve defects in sheep. PLoS One 6:e16990  

    Rammensee S, Slotta U, Scheibel T, Bausch AR (2008) Assembly mechanism of recombinant 
spider silk proteins. Proc Natl Acad Sci U S A 105:6590–6595  

     Rathore O, Sogah DY (2001) Self-assembly of  β -sheets into nanostructures by poly (alanine) seg-
ments incorporated in multiblock copolymers inspired by spider silk. J Am Chem Soc 
123:5231–5239  

    Riekel C, Muller M, Vollrath F (1999) In situ X-ray diffraction during forced silking of spider silk. 
Macromolecules 32:4464–4466  

      Rising A, Nimmervoll H, Grip S, Fernandez-Arias A, Storckenfeldt E, Knight DP, Vollrath F, 
Engstrom W (2005) Spider silk proteins – mechanical property and gene sequence. Zool Sci 
22:273–281  

S. Zhang and I.-M. Tso



511

     Rising A, Widhe M, Johansson J, Hedhammar M (2011) Spider silk proteins: recent advances in 
recombinant production, structure–function relationships and biomedical applications. Cell 
Mol Life Sci 68:169–184  

     Römer L, Scheibel T (2008) The elaborate structure of spider silk. Prion 2:154–161  
    Rousseau ME, Lefèvre T, Beaulieu L, Asakura T, Pézolet M (2004) Study of protein conformation 

and orientation in silkworm and spider silk fi bers using Raman microspectroscopy. 
Biomacromolecules 5:2247–2257  

      Rousseau ME, Hernández Cruz D, West MM, Hitchcock AP, Pézolet M (2007)  Nephila clavipes  
spider dragline silk microstructure studied by scanning transmission X-ray microscopy. J Am 
Chem Soc 129:3897–3905  

    Sahni V, Blackledge TA, Dhinojwala A (2011) Changes in the adhesive properties of spider aggre-
gate glue during the evolution of cobwebs. Sci Rep 1:41  

    Sanggaard KW, Bechsgaard JS, Fang X, Duan J, Dyrlund TF, Gupta V, Jiang X, Cheng L, Fan D, 
Feng Y, Han L, Huang Z, Wu Z, Liao L, Settepani V, Thøgersen IB, Vanthournout B, Wang T, 
Zhu Y, Funch P, Enghild JJ, Schauser L, Andersen SU, Villesen P, Schierup MH, Bilde T, Wang 
J (2014) Spider genomes provide insight into composition and evolution of venom and silk. Nat 
Commun 5:3765  

    Savage KN, Gosline JM (2008a) The effect of proline on the network structure of major ampullate 
silks as inferred from their mechanical and optical properties. J Exp Biol 211:1937–1947  

     Savage KN, Gosline JM (2008b) The role of proline in the elastic mechanism of hydrated spider 
silks. J Exp Biol 211:1948–1957  

    Savage KN, Guerette PA, Gosline JM (2004) Supercontraction stress in spider webs. 
Biomacromolecules 5:675–679  

     Schäfer A, Vehoff T, Glišović A, Salditt T (2008) Spider silk softening by water uptake: an AFM 
study. Eur Biophys J 37:197–204  

    Schwarze S, Zwettler FU, Johnson CM, Neuweiler H (2013) The N-terminal domains of spider 
silk proteins assemble ultrafast and protected from charge screening. Nat Commun 4:2815  

    Shao ZZ, Vollrath F (1999) The effect of solvents on the contraction and mechanical properties of 
spider silk. Polymer 40:1799–1806  

    Shao ZZ, Young RJ, Vollrath F (1999) The effect of solvents on spider silk studied by mechanical 
testing and single-fi bre Raman spectroscopy. Int J Biol Macromol 24:295–300  

   Simmons AH, Michal CA, Jelinski LW (1996) Molecular orientation and two-component nature 
of the crystalline fraction of spider dragline silk. Science 271:84–87  

    Sirichaisit J, Brookes VL, Young RJ, Vollrath F (2003) Analysis of structure/property relationships 
in silkworm ( Bombyx mori ) and spider dragline ( Nephila edulis ) silks using Raman spectros-
copy. Biomacromolecules 4:387–394  

    Slotta UK, Rammensee S, Gorb S, Scheibel T (2008) An engineered spider silk protein forms 
microspheres. Angew Chem Int Ed 47:4592–4594  

    Spiess K, Lammel A, Scheibel T (2010) Recombinant spider silk proteins for applications in bio-
materials. Macromol Biosci 10:998–1007  

    Sponner A, Unger E, Grosse F, Weisshart K (2005) Differential polymerization of the two main 
protein components of dragline silk during fi bre spinning. Nat Mater 4:772–775  

    Stellwagen SD, Opell BD, Short KG (2014) Temperature mediates the effect of humidity on the 
viscoelasticity of glycoprotein glue within the droplets of an orb-weaving spider’s prey capture 
threads. J Exp Biol 217:1563–1569  

    Teulé F, Furin W, Cooper A, Duncan J, Lewis R (2007) Modifi cations of spider silk sequences in 
an attempt to control the mechanical properties of the synthetic fi bers. J Mater Sci 
42:8974–8985  

     Thiel BL, Viney C (1997) Spider major ampullate silk (drag line): smart composite processing 
based on imperfect crystals. J Microsc 185:179–187  

    Tillinghast EK, Chase SF, Townley MA (1984) Water extraction by the major ampullate duct dur-
ing silk formation in the spider,  Argiope aurantia  Lucas. J Insect Physiol 30:591–596  

13 Spider Silk: Factors Affecting Mechanical Properties and Biomimetic Applications



512

    Townley MA, Tillinghast EK (1988) Orb web recycling in  Araneus cavaticus  (Araneae, Araneidae) 
with an emphasis on the adhesive spiral component, GABamide. J Arachnol 16:303–319  

    Townley MA, Tillinghast EK, Neefus CD (2006) Changes in composition of spider orb web sticky 
droplets with starvation and web removal, and synthesis of sticky droplet compounds. J Exp 
Biol 209:1463–1486  

     Tso IM, Wu HC, Hwang IR (2005) Giant wood spider  Nephila pilipes  alters silk protein in response 
to prey variation. J Exp Biol 208:1053–1061  

    Tso IM, Chiang SY, Blackledge TA (2007) Does the giant wood spider  Nephila pilipes  respond to 
prey variation by altering web or silk properties? Ethology 113:324–333  

    Turner J, Vollrath F, Hesselberg T (2011) Wind speed affects prey-catching behaviour in an orb 
web spider. Naturwissenschaften 98:1063–1067  

    van Beek JD, Hess S, Vollrath F, Meier BH (2002) The molecular structure of spider dragline silk: 
folding and orientation of the protein backbone. Proc Natl Acad Sci U S A 99:10266–10271  

    Vehoff T, Glišović A, Schollmeyer H, Zippelius A, Salditt T (2007) Mechanical properties of spi-
der dragline silk: humidity, hysteresis, and relaxation. Biophys J 93:4425–4432  

     Vollrath F (2000) Strength and structure of spiders’ silks. Rev Mol Biotechnol 74:67–83  
    Vollrath F, Edmonds DT (1989) Modulation of the mechanical properties of spider silk by coating 

with water. Nature 340:305–307  
       Vollrath F, Knight DP (2001) Liquid crystalline spinning of spider silk. Nature 410:541–548  
    Vollrath F, Porter D (2006a) Spider silk as a model biomaterial. Appl Phys A 82:205–212  
    Vollrath F, Porter D (2006b) Spider silk as archetypal protein elastomer. Soft Matter 2:377–385  
    Vollrath F, Samu F (1997) The effect of starvation on web geometry in an orb-weaving spider. Bull 

Br Arachnol Soc 10:295–298  
     Vollrath F, Downes M, Krackow S (1997) Design variability in web geometry of an orb-weaving 

spider. Physiol Behav 62:735–743  
      Vollrath F, Knight DP, Hu XW (1998) Silk production in a spider involves acid bath treatment. 

Proc R Soc B 265:817–820  
      Vollrath F, Madsen B, Shao ZZ (2001) The effect of spinning conditions on the mechanics of a 

spider’s dragline silk. Proc R Soc B 268:2339–2346  
     Vollrath F, Porter D, Holland C (2013) The science of silks. MRS Bull 38:73–80  
    Wallace JA, Shen JK (2012) Unraveling a trap-and-trigger mechanism in the pH-sensitive self- 

assembly of spider silk proteins. J Phys Chem Lett 3:658–662  
    Wendt H, Hillmer A, Reimers K, Kuhbier JW, Schäfer-Nolte F, Allmeling C, Kasper C, Vogt PM 

(2011) Artifi cial skin- culturing of different skin cell lines for generating an artifi cial skin sub-
stitute on cross-weaved spider silk fi bres. PLoS One 6:e21833  

    Wenk E, Merkle HP, Meinel L (2011) Silk fi broin as a vehicle for drug delivery applications. 
J Control Release 150:128–141  

    Widhe M, Bysell H, Nystedt S, Schenning I, Malmsten M, Johansson J, Rising A, Hedhammar M 
(2010) Recombinant spider silk as matrices for cell culture. Biomaterials 31:9575–9585  

    Widhe M, Johansson U, Hillerdahl CO, Hedhammar M (2013) Recombinant spider silk with cell 
binding motifs for specifi c adherence of cells. Biomaterials 34:8223–8234  

    Wilson R (1962a) The control of dragline spinning in the garden spider. Q J Microsc Sci 
3:557–571  

    Wilson R (1962b) The structure of the dragline control valves in the garden spider. Q J Microsc Sci 
3:549–555  

    Wohlrab S, Müller S, Schmidt A, Neubauer S, Kessler H, Leal-Egaña A, Scheibel T (2012) Cell 
adhesion and proliferation on RGD-modifi ed recombinant spider silk proteins. Biomaterials 
33:6650–6659  

    Work RW (1977a) Dimensions, birefringences, and force-elongation behavior of major and minor 
ampullate silk fi bers from orb-web-spinning spiders—the effects of wetting on these proper-
ties. Text Res J 47:650–662  

    Work RW (1977b) Mechanisms of major ampullate silk fi ber formation by orb-web-spinning spi-
ders. Trans Am Microsc Soc 96:170–189  

S. Zhang and I.-M. Tso



513

     Work RW (1981) A comparative study of the supercontraction of major ampullate silk fi bers of 
orb-web-building spiders (Araneae). J Arachnol 9:299–308  

    Wu X, Liu XY, Du N, Xu G, Li B (2009) Unraveled mechanism in silk engineering: fast reeling 
induced silk toughening. Appl Phys Lett 95:093703  

     Wu CC, Blamires SJ, Wu CL, Tso IM (2013) Wind induces variations in spider web geometry and 
sticky spiral droplet volume. J Exp Biol 216:3342–3349  

      Xia XX, Qian ZG, Ki CS, Park YH, Kaplan DL, Lee SY (2010) Native-sized recombinant spider 
silk protein produced in metabolically engineered  Escherichia coli  results in a strong fi ber. 
Proc Natl Acad Sci U S A 107:14059–14063  

    Xiang P, Li M, Zhang CY, Chen DL, Zhou ZH (2011) Cytocompatibility of electrospun nanofi ber 
tubular scaffolds for small diameter tissue engineering blood vessels. Int J Biol Macromol 
49:281–288  

    Yanagi Y, Kondo Y, Hirabayashi K (2000) Deterioration of silk fabrics and their crystallinity. Text 
Res J 70:871–875  

    Yang Z, Liivak O, Seidel A, LaVerde G, Zax DB, Jelinski LW (2000) Supercontraction and back-
bone dynamics in spider silk:  13 C and  2 H NMR studies. J Am Chem Soc 122:9019–9025  

     Yang Y, Chen X, Shao ZZ, Zhou P, Porter D, Knight DP, Vollrath F (2005) Toughness of spider silk 
at high and low temperatures. Adv Mater 17:84–88  

    Zax DB, Armanios DE, Horak S, Malowniak C, Yang Z (2004) Variation of mechanical properties 
with amino acid content in the silk of  Nephila Clavipes . Biomacromolecules 5:732–738  

    Zheng YM, Bai H, Huang ZB, Tian XL, Nie FQ, Zhao Y, Zhai J, Jiang L (2010) Directional water 
collection on wetted spider silk. Nature 463:640–643    

13 Spider Silk: Factors Affecting Mechanical Properties and Biomimetic Applications



515© Springer International Publishing Switzerland 2016 
E. Cohen, B. Moussian (eds.), Extracellular Composite Matrices in Arthropods, 
DOI 10.1007/978-3-319-40740-1_14

Chapter 14
Insect Silks and Cocoons: Structural 
and Molecular Aspects

Kenji Yukuhiro, Hideki Sezutsu, Takuya Tsubota, Yoko Takasu, 
Tsunenori Kameda, and Naoyuki Yonemura

Abstract In this chapter, we extensively describe insect-secreting silk proteins. 
Silk proteins are produced in the labial glands (functioning as silk glands), from 
which they are then secreted, which is a characteristic feature of the orders 
Trichoptera, Lepidoptera, and some other Holometabola insects.We first describe 
lepidopteran silk formation and describe how the two types of fibroin (fibroin heavy 
chain: H-fibroin and fibroin light chain: L-fibroin) observed in non-saturniid moths, 
represented by Bombyx mori. Specifically, we present how the two types of fibroins, 
which are linked by disulfide bonds, and P25 or fibrohexamerin as a chaperone) 
contribute to silk fiber organization. Saturniidae moths, which produce only one 
type of fibroin, are also discussed here about their silk formation. Following the 
description of lepidopteran silk fiber proteins, we present recent progress in the 
study of sericin proteins of B. mori and other lepidopteran. Sericins wrap silk fibers 
to seal two silk filaments together like glue. We also present the differences 
in expression patterns and gene regulation observed in the silk glands of B. mori 
and Samia ricini. Then, we comprehensively summarize the features of hornet 
and  trichopteran silks different from lepidopterans. According to the current 
 understanding, these species produce no sericin-like proteins. The principal molec-
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ular structure of hornet silk is α-helices, frequently in a coiled-coil conformation, a 
molecular structure distinct from the β-sheet structures that dominate the silks of 
lepidopterans. Finally, we describe the present status of transgenic technology that 
is being used to modify fibroins in order to add features that are lacking in the host.

14.1  Introduction

Silks are externally spun fibrous, proteinaceous materials that are insoluble in water 
and have excellent mechanical properties (Kenchington 1984). Many distantly 
related insect species from orders Trichoptera, Lepidoptera, Hymenoptera, 
Embioptera, Neuroptera, Coleoptera, Thysanura, and Prosoptera use fibrous pro-
teins (silk) for various purposes. Silk proteins produced by lepidopteran, trichop-
teran, and hymenopteran larvae are secreted by silk glands. Such silks are often 
used to spin cocoons for the protection of the pupae.

Cocoon formation in the silkworm Bombyx mori aroused human interest more than 
4000 years ago, when it was discovered that the protein fibers could be unwound from 
the cocoon and used for manufacturing strong and unique fabrics. Caterpillars of only 
a handful of species are exploited commercially by mulberry and non- mulberry sericul-
ture; these include B. mori and a few wild silkmoth species from the family Saturniidae. 
Currently, there is an increased interest in biomaterials that has promoted research on 
other silk proteins with outstanding mechanical and biochemical properties.

The lepidopteran silk is composed of two major classes of proteins—fibroins and 
sericins. Fibroins are synthesized in the posterior region of the silk gland and form 
threads or fibrous cores responsible for the mechanical strength of the silk fibers, 
whereas sericins are synthesized in the middle part of the silk glands and form a 
sticky cover of the silk fibers (Okamoto et al. 1982; Couble et al. 1987; Michaille 
et al. 1990).

Trichoptera (caddisflies) are a sister group of Lepidoptera and their silk composi-
tion, at least the fibroin fraction, appears quite similar to the lepidopteran silk. 
Caddisfly larvae live mostly under water and their silk seems to have unique 
mechanical properties. Sericins have not yet been detected in caddisfly silk, sug-
gesting differences between the lepidopteran and the trichopteran silk structures.

Members of both hymenopteran sister superfamilies Apoidea (bees) and 
Vespoidea (ants/hornets) produce silks in which the principal molecular structure is 
an α-helix. In contrast, the lepidopteran fibroins are dominated by a β-sheet struc-
ture. Four types of relatively low molecular weight fibroins have been found in the 
hornet silk and three others in aculeate hymenopterans (Kameda et al. 2014).

The first biomaterials from regenerated and recombinant portions of spider and 
silkworm β-sheet-forming silk proteins have been produced and used in cell culture, 
tissue regeneration scaffolds, or as drug delivery vehicles and biosensors. A wider use 
of recombinant DNA technology in the production of modified silks in transgenic 
insects will greatly increase our ability to produce silk-based biomaterials in the future.

K. Yukuhiro et al.
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14.2  Silk Gland Morphology

The adaptation of the labial salivary glands to silk production has been noted in 
several insect orders, including Lepidoptera, Trichoptera, Hymenoptera, 
Siphonaptera, and Diptera. The salivary gland is a paired organ typically consisting 
of polyploid cells, and its structure varies with the species, from simple tubes to 
lobulated sacs (Sehnal and Akai 1990).

The lepidopteran silk glands can be divided into three morphologically distinct 
regions: posterior, middle, and anterior silk glands (Machida 1926). The posterior 
silk gland produces fibroin, which forms the fibrous core. Liquid fibroin is released 
into the lumen of the posterior silk gland and then transported to the middle silk 
gland. The middle part of the silk glands synthesizes and secretes a series of sericins 
that coat the surface of the liquid fibroin, acting as an adhesive. The sericin-coated 
fibroins then move through the lumen to the anterior silk gland, which merely acts 
as a duct, and are released from a pair of spinnerets in the form of silk fiber. The 
spinnerets of B. mori, for example, open into the apical portion of the labium (Akai 
1976). The structures of the silk glands differ markedly between the families 
Bombycidae and Saturniidae, although they are classified into the same order 
Bombycoidea (Fig. 14.1a–d).

The trichopteran silk glands are similar to those of Lepidoptera (Sehnal and 
Sutherland 2008). Caddisworms (Trichoptera larvae) possess additional glands sus-
pected of playing a role in spinning. These are called Gilson’s glands and reside on 
the prothorax (Zaretschnaya 1965). In Hymenoptera, the labial glands first function 
as salivary glands and then change to silk production just before pupation. Each of 
the paired glands is composed of a thin-walled canal to which a large number of 
secretory cells are attached through short ducts (Kenchington 1972).

14.3  Cocoons Produced by Lepidopteran Larvae

The cocoons are the major silk products of Lepidoptera and other insect larvae, 
designed to protect pupae during metamorphosis. The cocoons vary widely in 
weight, shape, strength, and color, even among closely related species. For example, 
although the Chinese oak silkworm, Antheraea pernyi, and the Japanese oak silk-
worm, Antheraea yamamai, are closely related, their cocoons differ in both color 
and shape. Likewise, the closely related Samia pryeri and the Eri silkworm, Samia 
ricini also differ markedly in cocoon shape and softness. Some of the variation in 
cocoon shape and color is shown in Fig. 14.2. The figure shows 22 cocoons of 20 
Saturniidae species. This is only a representation of the existing cocoon diversity 
and further studies are needed to explain it.

14 Insect Silks and Cocoons: Structural and Molecular Aspects



518

14.4  Fibroins in Lepidopteran Silks

The structure of fibroins was first studied using X-ray analysis. Based on the X-ray 
diagrams, the lepidopteran fibroins were classified into three types all containing a 
parallel-β-pleated sheet structure (Lucas and Rudall 1968). Warwicker (1960) clas-
sified silk into several groups, on the basis of X-ray analysis of silk crystallites: 
Group 1 silks, represented by B. mori silk, are characterized by an intersheet pack-
ing distance of 9.3 Å; Group 2 silks, represented by Anaphe moloneyi, have an 
intersheet packing distance of 10.0 Å; and Group 3 silks, represented by the tropical 
tasar silkworm, Antheraea mylitta, have an intersheet packing of 10.6 Å (Warwicker 
1960; Craig 1997). Thus, the groups defined by Warwicker (1960) are distinguished 
by increasing spacing between the peptides of adjacent chains, which may be the 
result of increasing amounts of alanine (Ala) and decreasing amounts of glycine 
(Gly) (Simmons et al. 1994).

Subsequent studies examined the protein composition of the fibroin core. Most 
of the lepidopteran species’ silks were found to consist of three components: fibroin 

Fig. 14.1 Silk glands of Bombyx mori and Samia ricini. (a) and (c) Bombyx mori. (b) and (d) 
Samia ricini
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heavy chain (H-fibroin), fibroin light chain (L-fibroin), and fibrohexamerin (P25). 
This arrangement has been best characterized in the domestic silkmoth, B. mori 
(Inoue et al. 2000). Fibroins of other bombycoid species belonging to family 
Saturniidae are composed of only H-fibroin, which most probably forms homodi-
mers (reviewed by Chevillard et al. 1986; Kikuchi et al. 1992; Inoue et al. 2000). 
The P-25 fibroin component appears to be absent in some primitive lepidopterans, 
including the lupine ghost moth, Phymatopus californicus. Such fibroins probably 
contain only H- and L-fibroin dimers (Collin et al. 2010).

14.4.1  Fibroin Heavy Chain (H-Fibroin)

The H-fibroin gene was one of the first genes to be studied in detail. Its DNA 
sequence, including the promoter and most of the coding region, has been cloned 
and partially sequenced (Ohshima and Suzuki 1977; Tsujimoto and Suzuki 1979; 
Mita et al. 1994). The complete structure of B. mori H-fibroin was determined by 
Zhou et al. (2000). The B. mori H-fibroin gene consists of a short first exon (67 bp), 
an intron (1 kb), and a long second exon (ca. 16 kb) (Fig. 14.3a). The whole gene 
encodes 5263 amino acid residues and about 90 % of the second exon consists of 
highly repetitive arrays (Fig. 14.3b) (Zhou et al. 2000). Three amino acids, Gly, Ala, 
and Ser, are extremely abundant in the H-fibroin (Gly: 46 %, Ala: 30 %, and Ser: 
12 %). Two types of submotifs, each consisting of six amino acid residues, GAGAGS 
and GAGAGY appear frequently and their concatenations make up larger repetitive 
units (Fig. 14.3c) that are separated by 11 amorphous domains (Fig. 14.3d) (Zhou 
et al. 2000).

The partial H-fibroin gene sequence from A. yamamai was isolated in 1987 
(Tamura et al. 1987). Later, the entire sequence (Ay-H-fibroin) gene was indepen-
dently determined by Hwang et al. (2001) and Sezutsu et al. (2010). Sequences of 
six other H-fibroin genes have been partially or entirely determined in other species, 
including the wild silkmoth, Bombyx mandarina (Kusuda et al. 1986); A. pernyi 
(Sezutsu and Yukuhiro 2000); the greater wax moth, Galleria mellonella (Žurovec 
and Sehnal 2002); the Mediterranean flour moth, Anagasta kuehniella and the 
Indian mealmoth, Plodia interpunctella (Fedič et al. 2003); P. californicus (Collin 
et al. 2010); and S. ricini (Sezutsu and Yukuhiro 2014).

The H-fibroin sequences are highly species specific (Yukuhiro et al. 2014). To 
the best of our knowledge, multiple repetitions of the GX unit have so far only been 
found in Bombyx H-fibroin. The high Gly content in this molecule is responsible for 
the tight packing of the crystallite intersheets, as suggested for Warwicker Group 1 
fibroins (Warwicker 1960). Many other fibroins contain clusters of Ala or Ala-Ser 
residues, which characteristic for Group 3 silks (including A. yamamai, A. pernyi, 
and G. mellonella). Unequal crossover is probably the cause of length polymor-
phisms, as shown, for example, by Southern blot analysis of the Bombyx H-fibroin 
gene (Maning and Gage 1980).
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14.4.2  Fibroin Light Chain (L-Fibroin) and Fibrohexamerin 
(P25)

The two lower molecular weight fibroin components were discovered in B. mori. 
The first one is the fibroin light chain (L-fibroin), which consists of 262 amino acid 
residues (Kikuchi et al. 1992). A heterodimer of the L- and H-fibroins is formed via 
disulfide bonds (Tanaka et al. 1999b). There is little sequence similarity between the 
H- and L-fibroins and the L-fibroin exon-intron structure, which consists of seven 
exons and six introns, is quite different from the H-fibroin gene.

The second of the low molecular weight fibroin subunits is fibrohexamerin (P25). 
It is encoded by a gene with five exons and the putative protein consists of 220 
amino acid residues (Chevillard et al. 1986). The fibrohexamerin protein shows no 
similarities to either H- or L-fibroin. Inoue et al. (2000) reported that the fibrohex-
amerin molecule generates hydrogen bridges with six H-fibroin–L-fibroin 
 heterodimers, thereby prompting the formation of fibroin complexes that may 
assemble into filaments.

Both the L-fibroin and fibrohexamerin were later detected in another lepidopteran 
species, G. mellonella, belonging to a distantly related family Pyraloidea (Žurovec 
et al. 1995, 1998; Fedič et al. 2003). Later, these components were also detected in 

R01    R02   R03  R04  R05   R06    R07     R08   R09   R10  R11   R12 

A01      A02   A03 A04    A05  A06        A07     A08   A09   A10     A11      
+1,449                                                              +16,610

+1                                                                           +16,730

a

b

AAVGAGAGAGAAAGSGAGAGAGYGAASGAGAGAGAGAGAGYGTGAGAGAGAGYGAGAGAGAGAGYGAGAGAGAGA
GYGAGAGAGAGAGYGAGAGAGAGAGYGAGAGAGAGAGYGAASGAGAGAGYGQGVGSGAASGAGAGAGAGSAAGSG
AGAGAGTGAGAGYGAGAGAGAGAGYGAASGTGAGYGAGAGAGYGGASGAGAGAGAGAGAGAGAGYGTGAGYGAGA
GAGAGAGAGAGYGAGAGAGYGAGYGVGAGAGYGAGYGAGAGSGAASGAGSGAGAGSGAGAGSGAGAGSGAGAGSG
AGAGSGAGAGSGAGAGSGAGAGSGTGAGSGAGAGYGAGAGAGYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGA
GSGAGAGSGAGAGYGAGAGAGYGAGAGAGYGAGAGVGYGAGAGSGAASGAGAGSGAGAGSGAGAGSGAGAGSGAG
AGSGAGAGSGAGAGSGAGAGSGAGAGSGAGVGYGAGVGAGYGAGYGAGAGAGYGAGAGSGAASGAGAGAGAGAG

TGSSGFGPYVANGGYSRSDGYEYAWSSDFGT

c

d

Fig. 14.3 Bombyx mori H-fibroin gene. (a) The Bombyx mori H-fibroin gene consists of two 
exons interrupted by the insertion of 971-bp intron. Closed boxes show exons while an open box 
represents an intron. (b) The central region of exon2 comprises of 12 repetitive domains (R01–
R12) separated by 11 amorphous domains (A01–A11). (c) The amino acid sequence encoded by 
R01 domain. (d) The amino acid sequence encoded by A01 domain. These figures were prepared 
based on Zhou et al. (2000)
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the pine moth, Dendrolimus spectabilis and the Asian swallowtail, Papilio xuthus 
(Tanaka and Mizuno 2001). Interestingly, while the two lower molecular weight 
fibroins have been detected in several lepidopteran species and L-fibroin, in 
Trichoptera, they have not been found in any of the examined saturniids. This sug-
gests that the fibroins in Saturniidae differ from those of other Lepidoptera (Figs. 
14.4 and 14.5) (see Yukuhiro et al. 2014). The trichopteran L-fibroin sequences 
are quite similar to those of non-saturniid lepidopterans (Fig. 14.4) (Yukuhiro 
et al. 2014).

Fig. 14.4 Sequence alignment of L-fibroin sequences. The three conserved cysteine residues are 
boxed

Fig. 14.5 Sequence alignment of fibrohexamerin (P25) sequences and those of 2 Bombyx para-
logs. The conserved Cys residues were boxed
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14.4.3  Fibroins in Saturniidae

Tamura et al. (1987) predicted that two A. yamamai H-fibroin molecules are linked 
by disulfide bonds and form a homodimer, which makes the composition of this 
type of fibroin considerably different from that found in B. mori. This linkage 
between the H-fibroin molecules was later confirmed (Tanaka et al. 1999b).

Sezutsu and Yukuhiro (2000) identified the A. pernyi H-fibroin (Ap-H-fibroin) 
gene and deduced the amino acid sequence (2639 amino acids) encoded by it (Figs. 
14.6 and 14.7). A. pernyi is a close relative of A. yamamai, and the Ap-H-fibroin 
does resemble the known fibroin N-terminal region in A. yamamai (Tamura et al. 
1987). As shown in Fig. 14.6, Ap-H-fibroin contains a large middle region of 

Fig. 14.6 Deduced amino acid sequence of Antheraea pernyi (Ap-) H-fibroin. The repeated unit 
(motif) is a polyalanine block (PAB)/nonpolyalanine block (NPAB) pair. PABs were marked by 
red letters. Type1 NPAB sequence is highlighted by tryptophan, glycine and aspartic acid (WGD) 
triplets marked by magenta letters. Type2 NPAB sequence is represented by glycine, glycine and 
tyrosine (GGY) triplets marked by deep blue letters. Type 3 NPAB sequence has an arginine (R) 
marked by a pale blue letter linked to a magenta GD. Type4 NPAB sequences are marked by pale 
blue Rs and histidine, aspartic acid and arginine (HDR) triplets. 80 motifs were found in this 
sequence. Numbers on the left of PABs designate the order of motifs from the N-terminal

14 Insect Silks and Cocoons: Structural and Molecular Aspects



524

 repetitive arrays, with a polyalanine block (PAB)/non-polyalanine block (NPAB) 
pair as repeat unit. Hereafter, we refer to the PAB/NPAB pair as a motif. A total of 
78 of 80 repeat motifs in the Ap-H-fibroin coding sequence were classified into four 
different types of motifs based on differences in the NPAB amino acid sequence 
(Fig. 14.7).

The Ay-H-fibroin genes were independently isolated and examined by Hwang 
et al. (2001) and Sezutsu et al. (2010). The two sequences are almost identical, 
except for a minor difference in the number of repeat motifs. In addition, Ap- and 
Ay-H-fibroin are also almost identical in terms of sharing four types of motifs (Fig. 
14.7) as well as both terminal sequences (Figs. 14.8a and 14.9a).

Recently, the H-fibroin gene from the third Antheraea species, the muga silk-
worm (A. assama), was characterized (Gupta et al. 2015). As expected, it also con-
tained four types of repeat motifs (Fig. 14.7). Among these motifs, the following 
similarities and differences were observed in the repeat region: (1) their type-R non- 
polyalanine motifs correspond to NPAB of type-4 motifs in the Ap- and Ay-H- 
fibroins. (2) None of their non-polyalanine motifs were found to correspond to 
NPAB of the Ap- and Ay-H-fibroin type-2 motifs that show variable repetition of 
GGY triplets. (3) Their type-Gc non-polyalanine motifs occurred only four times, 
although the NPABs of type-3 motifs, as possible Ap- and Ay-H-fibroin  counterparts, 
were common. In contrast, the N-terminal non-repetitive region showed quite high 
sequence similarity. A similar conservation was observed in the C-terminal regions 
(data not shown).

As shown in Fig. 14.10, the H-fibroin gene structures in all three species are 
similar: the first exons are short, encoding for only 14 amino acid residues. These 
are then followed by a 120–150-bp intron, being somewhat shorter than that of the 
B. mori H-fibroin gene. As mentioned above, the second exons encode repetitive 
motifs.

Partial H-fibroin sequences (except for the 3′ end) were identified in two other 
saturniids, the squeaking silkworm Rhodinia fugax and the Japanese giant silk-
worm, Saturnia japonica (Sezutsu et al. 2008a, b). These species are somewhat 
more distantly related to the genus Antheraea. These two novel H-fibroins contain 
a relatively high number of Leu residues (Fig. 14.7), which are almost absent in the 
repetitive regions of the three Antheraea H-fibroins. Despite the similarity in Leu 
residue frequency, considerable differences in the NPAB sequences were confirmed 
between R. fugax and S. japonica H-fibroins (Fig. 14.7). All five identified saturniid 
H-fibroin sequences contain a type of NPAB that carries fewer Gly residues com-
pared to the other three types of NPABs: these are type-4 of A. pernyi and A. yama-
mai, type-R of A. assama, type-3 of R. fugax, and type-2 of S. japonica (Fig. 14.7). 
These are hydrophilic relative to the other three types of NPABs. A recent analysis 
further confirmed that Leu residues are present in the H-fibroin of R. newara as well 
as that of the Indian moon moth, Actias selene (Dong et al. 2015).

To date, the only Attacini species with known H-fibroin primary structure in 
S. ricini (Sr-H-fibroin) (Fig. 14.11) (Sezutsu and Yukuhiro 2014). Its putative amino 
acid sequence shows common features with those of the Antheraea H-fibroins 
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(Fig. 14.7). The similarities include a high abundance of the amino acid residues 
Ala, Gly, and Ser and that most of the protein sequences consists of four different 
types of PAB/NPAB motifs (Fig. 14.7).

A remarkable difference between the Sr-H-fibroin and the other H-fibroins is that 
all four Sr-H-fibroin NPAB sequences are Gly-rich (Fig. 14.7). Furthermore, about 
80 % of its amino acid residues are hydrophobic, which approaches the level of 
hydrophobicity encountered in B. mori H-fibroin. It is also worth noting that the 
dimerization with L-fibroin seems to result in a decreased level of hydrophobicity in 
the B. mori fibroin complex (Sehnal and Žurovec 2004).

Fig. 14.7 H-Fibroin NPAB sequences detected in six species of saturniids. Ap- and Ay-H-fibroins 
share four motif types, so they represent a common characteristic. The subscripts 1–3 represent the 
number of repetition of GGY triplet in Type 2 NPABs. Antheraea assama motif sequences were 
drawn according to Gupta et al. (2015). Excluding S. ricini, Gly-poor NPAB name is indicated by 
green letters. Gly residues in this type of NPABs are also marked by a green letter. The subscripts 
1–3 in Sr-motif3 also represent the number of repetition of GGYG quartet
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Fig. 14.8 Amino acid sequences encoded by the first exons and proximal regions of the second 
exons in H-fibroin genes of eleven lepidopteran species and two trichopteran species, and their 
phylogenetic relationship. (a) Aligned amino acids sequences. (b) Phylogenetic relationship. The 
sources of these sequences are as follows: Rhodinia fugax: AB437258; Satunia japonica: 
AB439802; Antheraea pernyi: AF083334; Antheraea yamamai: AB542805; Antheraea myllita: 
AY136274; Cricula trifenestrata: JF264729; Ephestia kuehniella: AY253534; Plodia interpunc-
tella: AY253533; Galleria mellonella: AF095239; Bombyx mori: AF226688; Yponomeuta evony-
mella: AB195979: Rhyacophila obliterata: AB354690; Hydropsyche angustipennis: AB354593
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14.4.4  Terminal Amino Acid Sequences of H-Fibroins

The sequences of the 14 amino acids encoded by the first exon are highly conserved 
among the saturniid H-fibroin genes, including those from A. pernyi (Sezutsu and 
Yukuhiro 2000), A. yamamai (Hwang et al. 2001; Sezutsu et al. 2010), R. fugax 
(Sezutsu et al. 2008a), and S. ricini (Sezutsu and Yukuhiro 2014) (Fig. 14.8a). The 
first exon of the S. japonica H-fibroin gene (Sezutsu et al. 2008b) encodes a similar 
sequence, except for the deletion of a single amino acid residue (Fig. 14.8a). These 
amino acid sequences share two conserved Cys residues at identical positions (Fig. 
14.8a). However, the two conserved Cys residues (Fig. 14.8a) are removed together 
with the signal peptide, which suggests little functional significance for the silk fiber 
(Sezutsu and Yukuhiro 2014). Note that this region seems to be conserved also 
compared with the H-fibroins from the non-saturniid moths (Fig. 14.8a).

In addition, even the first exons of H-fibroin genes from the two trichopterans 
encode similar sequences, with the exception of an amino acid substitution in one of 
the two conserved Cys residues (Fig. 14.8a; Yonemura et al. 2006; Sehnal and 
Sutherland 2008; Yonemura et al. 2009). Since Trichoptera is a sister taxon of 

a
S. ricini -SSASSANGY-V-SICCKPC-R-LG-T-SKIAVH
A. pernyi SSSGRSTEGHPLLSICCRPCSHSHSYEASRISVH
A. yamamai SSSGRSTEGHPLLSICCRPCSHRHSYEASRISVH

** *  *    **** **        * * **  

b
B. mori          YGAGR-GYGQG-A-GSAA-SSVS-SAS-SR-SYDYSRRNVRKNCGIPRRQLVVKF-R-ALPCVNC
G. mellonera -SVGPVG-AQVIEIGSPVVPSVSRTGSVSRVSVS-GRPGVRVPCSLTRRQFVVKIGTRRQPCGYC

** *  *    **    ***   * ** *    *  **  * * *** ***      **  *

Fig. 14.9 C-terminal sequences as non-repetitive regions of five types of H-fibroin. (a) Aligned 
C-terminal sequences of Samia ricini, Antheraea pernyi, and Antheraea yamamai H-fibroins. Cys 
residues were marked by orange letters. (b) Aligned C-terminal sequences of Bombyx mori and 
Galleria mellonella H-fibroin. Cys residues were marked by orange letters. In the both figures, 
conserved amino acid positions are marked by asterisks

First exon encoding
14 amino acid residues

Short intron 
about 120 bp
in length

Repetitive region consisting of repetition of  pairs of PAB and NPAB

Nonrepetitive regions at both terminus

Fig. 14.10 A common gene structure that was found in four sataurnid H-fibroin genes
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Lepidoptera, the H-fibroin gene prototype was likely present in a common ancestor 
of these two taxa.

The proximal region of the second exon of the lepidopteran and trichopteran 
H-fibroin gene contains a non-repetitive sequence. This sequence is quite conserved 
among Lepidoptera and it has been suggested that it has an important function in 
silk assembly (He et al. 2012). Fig. 14.8a shows the alignment of the N-terminal 
H-fibroin amino acid sequences from eight saturniid species and five non-saturniid 
species. Using this alignment, Sezutsu and Yukuhiro (2014) constructed a phyloge-
netic tree using the neighbor joining method (Saitou and Nei 1987) (Fig. 14.8b). 

1MRVTAFVILCCVLQ14-
15YVTARSLDDDIHSLERGYRETSKTGYDEYDVDKSGRLYERLT-
TRKKFERDSAPSRVPGGGTLVEKIVIERAPTGHETIYEEDVV-
IKQVPQGGAASSAASSASAGSGSGAPTIIVERGSGAGSGRSH-
GAGSAAG144-

1.145AAAAAAAAAAAAGGAGRGGGGGYGRGHGTAGS
2.AAAAAAAAAAAAASSEGGSAGGYWQGYGSDSS
3.AAAAAAAAAAA  GSAGGSYGSDSAE
4.AAAAAAAAAAAA GTAAGGSGGGYGGDGG
5.AAAAAAAAAAAAASGAGSGYGGGYGHGYGSDGG
6.AAAAAAAAAAAAAGGAGRGYGAGS
7.AAAAAAAAAAAA GGSGGGYGGDGG
8.AAAAAAAAAAAAASGAGSGYGGGARGGYGHGYGSDGG
9.AAAAAAAAAAAAAGGAGGGYGGGYGGGYGGDGG
10.AAAAAAAAAAAAAGGAGSGYGGGSWHSYGSDSG
11.AAAAAAAAAAAAAAGGSGGGYGGDGG
12.AAAAAAAAAAAAAGGSGGGYGGDGG
13.AAAAAAAAAAAAAGGAGDGYGAGS
14.AAAAAAAAAAAA GGAGGGYGGDGG
15.AAAAAAAAAAAAAGGAGSGYGGGARRGYGHGYGSDGG
16.AAAAAAAAAAAAAGGSGGGYGGDGG
17.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
18.AAAAAAAAAAAAAGGSGGGYGGDGG
19.AAAAAAAAAAAAAGGAGSGYGGSARRGYGHGYGSDGG
20.AAAAAAAAAAAAAGGSGGGYGGDGG
21.AAAAAAAAAAAAAGGAGGGYGGDGG
22.AAAAAAAAAAAAAGGAGDGYGAGS
23.AAAAAAAAAAAA GGAGGGYGGDGG
24.AAAAAAAAAAAAAAGGAGSGYGGGARRGYGHGYGSDGG
25.AAAAAAAAAAAAAGGSGGGYGGDGG
26.AAAAAAAAAAAAAGGAGSGYGGGARRGYGHGYGSDGG
27.AAAAAAAAAAAAAGSAESSYGGGSWYGYGSDSS
28.AAAAAAAAAA   GGAGGGYGGDGGS
29.AAAAAAAAAAAA GGSGGGYGGDGG
30.AAAAAAAAAAAAAGGAGGGYGGGYGGDGG
31.AAAAAAAAAAAAAGGSRSGYGGGSWHGYGSDSG
32.AAAAAAAAAAAAAGGAGDGYGPGS
33.AAAAAAAAAAAA GGAGGGYGGDGG
34.AAAAAAAAAAAAAGGAGSGYGGGARRGYGHGYGSDGG
35.AAAAAAAAAAAAAGGSGGGYGGDGG
36.AAAAAAAAAAAA GGAGSGYGGGSWHGYGSDSS
37.AAAAAAAAAAAAAGGAGGGYGAGS
38.AAAAAAAAAAAA GGAGGGYGGDGG
39.AAAAAAAAAAAAGGAGGGYGGGYGGDGG
40.AAAAAAAAAAAAAGGSRSGYGGGSWHGYGSDSG
41.AAAAAAAAAAAAAGGAGDGYGAGS
42.AAAAAAAAAAAA GGAGGGYGGDGG
43.AAAAAAAAAAAAAGGAGSGYGGGARRGYGHGYGSDGG
44.AAAAAAAAAAAAAGGSGGGYGGDGG1409

45.1410AAAAAAAAAAAAGGAGSGYGGGSWHGYGSDSS
46.AAAAAAAAAAAAAGGAGGGYGAGS
47.AAAAAAAAAAAAGGAGGGYGGDGG
48.AAAAAAAAAAAAAGGAGSGYGGGYGHGYGSDGG
49.AAAAAAAAAAAAAGGAGGGYGAGS
50.AAAAAAAAAAAAGGAGGGYGGDGG
51.AAAAAAAAAAAAAGGAGSGYGGGYGHGYGSDGG
52.AAAAAAAAAAAAAGGAGGGYGGDGG
53.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
54.AAAAAAAAAAAAAGGSGGGYGGDGG
55.AAAAAAAAAAAAAGGAGGGYGGDG
56.AAAAAAAAAAAAAGGAGSGYGGGYGHGYGSDGG
57.AAAAAAAAAAAAAGGAGGGYGGDGG
58.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
59.AAAAAAAAAAAAAGGAGSGYGGGSWNSYGSDSG
60.AAAAAAAAAAAAAGGAGDGYGAGS
61.AAAAAAAAAAAAGGAGGGYGGDGG
62.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
63.AAAAAAAAAAAAAGGSGGGYGGDGG
64.AAAAAAAAAAAAAGGAGSGYGGGSWHSYGSDSG
65.AAAAAAAAAAAAAGGAGGGYGAGS
66.AAAAAAAAAAAAGGAGGGYGGDGG
67.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
68.AAAAAAAAAAAAAGGAGSGYGGGSWHSYGSDSG
69.AAAAAAAAAAAAAGGAEGGYGAGS
70.AAAAAAAAAAAAGGAGGGYGGDGG
71.AAAAAAAAAAAAA GSGGGYGGDGG
72.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
73.AAAAAAAAAAAAAGGSEGGYGGDGG
74.AAAAAAAAAAAAAGGAGSGYGGGSWHSYGSDSG
75.AAAAAAAAAAAAAGGAGGGYGAGS
76.AAAAAAAAAAAAGGAGGGYGGDGG
77.AAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
78.AAAAAAAAAAAAAGGAGSGYGGGSWHSYGSDSG
79.AAAAAAAAAAAASGGAGSGYGGGSWHSYGSDSG
80.AAAAAAAAAAGAAGGAGGGYGAGS
81.AAAAAAAAAAAAGGAGGGYGRDGG
82.AAAAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDGG
83.AAAAAAAAAAAAAGGAGGGYGGGYGGGYGGDGG
84.AAAAAAAAAAAAAGGAGSGYGGGSWHSYGSDSG
85.AAAAAAAAAAAAAGGAGSGYGGGSRGGYGHGYGSDGG
86.AAAAAAAAAAAAAGGAGGGYGGGYGGDGG
87.AAAAAAAAAAAAAGGSGSGYGGGSWHGYGSDSD
88.AAAAAAAAASAAAGGAGSGYGGGYWQGYGSNSG
89.AAAAAAAAAAAGGAGSGYGGGARGGYGHGYGSDS
90.AAAAAAAAAAAAAGGAGGGAGRGAIGGYGGGYGSDN
91.AAAAAAAAAAAAGGAGGDYGRGYGARS
92.AAAAAAAAAASSGARGAVRVHETGDGFLLRGDYGSDSS
93.AAAAAAAAAAAAASSASSANGYVSICCKPCRLGTSKIAVH2880

PAB/ NPAB PAB/ NPAB
(polyalanine block) (non polyalanine block)                            

Motif

Fig. 14.11 Deduced amino acid sequence of Samia ricini (Sr-) H-fibroin. Each motif (PAB/
NPAB) is numbered based on the position relative to the N-terminus. We used red letters for A resi-
dues to highlight PABs. Motif-specific amino acid residues are marked with different colors; R in 
motif 1 is marked by a pale blue letter; W in motif 2 and H in motifs 1 and 2 are marked by 
magenta letters. The submotif, S/G G/H G Y/S in motif 3 is represented by blue letters
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Based on this tree, S. ricini is separated from the five other saturniid species (except 
R. fugax) at the early stages of evolution in Saturniidae. This result is consistent 
with those of Friedlander et al. (1998) and Sima et al. (2013).

The C-terminal sequences of saturniid H-fibroins were first determined in A. 
pernyi and A. yamamai. However, since the two Antheraea species are closely 
related, the detected sequences were nearly identical (Fig. 14.9a). As expected, the 
Sr-H-fibroin C-terminal sequence was more distant (Fig. 14.9a) although the three 
Cys residues were found to be conserved among all three species. Therefore, the 
three conserved Cys residues in the C-terminal region ought to play an essential role 
in forming the disulfide bonds between the two molecules of H-fibroin to form 
homodimers.

The alignment of B. mori (Zhou et al. 2000) and G. mellonella H-fibroins 
(Žurovec and Sehnal 2002) indicates similarities in the C-terminal regions (Fig. 
14.9a) of the two species, but differences from the saturniid H-fibroins sequences 
(Fig. 14.9a, b). This is expected since B. mori and G. mellonella H-fibroins form 
heterodimers with L-fibroins. Hence, this functional divergence might have induced 
extreme diversification between the C-terminal H-fibroin sequences of Saturniidae 
and other Lepidoptera.

14.5  Sericins as Glue Proteins

14.5.1  Bombyx mori Sericins

Sericins are glue proteins found on the surface of silk fibers. Sericins have been 
studied since the nineteenth century; the amino acid, serine (Ser), was first extracted 
from sericins and it was named after the proteins (Cramer 1865). Sericin proteins 
are produced by the secretory epithelium in the MSG and coat the jelly-like fibroin 
solution that moves through the gland lumen from the PSG. Sericins move together 
with fibroin and remain on the surface of fibroin during and after fibrilization at the 
spinneret.

It was previously predicted that the sericin fraction contains several proteins, 
since acid fuchsin staining of the anterior MSG lumen revealed three distinct layers 
(Yamanouchi 1922). To elucidate the molecular components of the sericin fraction, 
separation and characterization of sericin proteins were attempted with various 
methods; the most successful were ultracentrifugation and electrophoresis (Tashiro 
and Otsuki 1970; Gamo 1973; Sprague 1975). Interestingly, sericin protein mobility 
in SDS-PAGE was considerably smaller than later predictions from their molecular 
masses based on their elucidated sequences (Takasu et al. 2007). This discrepancy 
is explained by the abundance of Ser residues that reduce SDS binding to the protein 
(Hayashi and Nagai 1980). In spite of this problem SDS-PAGE was useful to sepa-
rate major sericin proteins, which were designated as sericins A, M, and P since 
they were secreted in the anterior, middle, and posterior MSG, respectively (Tsutsui 
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et al. 1979; Takasu et al. 2002). Protein polymorphisms detected as different elec-
trophoretic mobilities of sericin proteins allowed genetic linkage analysis and sug-
gested the existence of two sericin-encoding genes on chromosome 11 (Shonozaki 
et al. 1980; Gamo 1982). Subsequent analyses of MSG mRNAs and the silkworm 
genome database resulted in the identification of three sericin-encoding genes 
located relatively close together in a 2.83 Mb region of chromosome 11 (Okamoto 
et al. 1982; Michaille et al. 1990; Takasu et al. 2007; The international silkworm 
genome consortium 2008). Now we can describe an overview of sericin proteins 
with the correspondences of the sericin genes to the sericins detected by protein 
analyses.

14.5.2  Three Bombyx Sericin Genes and Protein Products

Okamoto et al. (1982) isolated mRNAs and reported the partial genomic sequence 
encoding the serine-rich repetitive motif transcribed in MSG cells. The correspond-
ing gene was designated as sericin, afterward sericin-1 (ser1). Garel et al. (1997) 
showed that the ser1 gene is approximately 23-kb long and comprises 9 exons. In 
addition, some of the recently discovered ESTs indicate the existence of another 
small exon between exons 5 and 6 (for example, the sequence with GenBank acces-
sion number BB986619) (Fig. 14.12). Exons 6 and 8 encode a serine-rich 38-amino 
acid-repetitive motif. At least five proteins, Ser1A, Ser1A’, Ser1B, Ser1C, and 
Ser1D, are predicted to be the products of the ser1 gene by alternative splicing, 
which is controlled developmentally and regionally (Ishikawa and Suzuki 1985; 
Couble et al. 1987; Garel et al. 1997. See also 14.6.2). The most abundant cocoon 

93(39) 31 1314 93 78 ~6500 129 1596 558(368)

1 2 3 4 5 6 7 8 9

321

54(33) 31 4064(3749)

1 2 3 4 5 6 78 9 10 1112 13

45(33) 28 459 198 186 348 192 189 2574 186 309 186 598(389)

10 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 kb

Ser1

Ser2

Ser3

5’

156

Fig. 14.12 Gene structures of Bombyx sericin genes. Boxes are exons and horizontal lines are 
introns. The sizes of exons and the exon numbers are indicated above and below the boxes, respec-
tively. The sizes of ORFs of the first and last exons are indicated in parentheses. The white box in 
ser1 (numbered 5′) is the putative novel exon deduced from the EST database. The gray parts of 
the exons indicate the regions encoding repetitive motifs
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sericin component (sericin M) that migrates slower than the fibroin heavy chain in 
SDS-PAGE, is possibly a mixture of Ser1C and Ser1D proteins by the size and par-
tial sequences of fragmented sericin M (Takasu et al. 2005). Another major sericin 
component (sericin P) that is estimated to be approximately 150-kDa by SDS-PAGE 
was identified as the Ser1A’ protein (Fig. 14.13) (Watanabe et al. 2007). The repeti-
tive motif encoding a high percentage of Ser codons is responsible for the high 
proportion (30 mol%) of Ser in Ser1 protein products. The serine-rich repeats were 
implicated in the structural changes leading to silk insolubility connected with the 
formation of β-sheet structures (Fig. 14.14a) (Takasu et al. 2006).

The second sericin encoding gene sericin-2 (ser2) was identified based on the 
mRNA specifically transcribed in the anterior part of MSG (Michaille et al. 1990). 
The ser2 gene encodes a 15-amino acid-repetitive motif with a relatively low Ser 
content (Fig. 14.14b). The whole gene spans over 12-kb, and 2 of 13 exons encode 
the repetitive sequences (Kludkiewicz et al. 2009) (Fig. 14.12). Two mRNA variants 
are transcribed by alternative splicing, and both are expressed throughout the larval 
stages except for the late fifth instar (Fig. 14.13). The Ser2 products were also 
detected as 230- and 120-kDa proteins in the silk spun by fourth instar larvae and in 
the MSG lumens of early fifth instar larvae. This supports that the Ser2 proteins are 
the major glue components of non-cocoon silk spun by larvae of feeding stages, 
whereas they represent only minor components of the cocoon silk (Kludkiewicz 
et al. 2009; Takasu et al. 2010; Dong et al. 2013). The similarity of the Ser2 repeti-
tive motif with that of the adhesive protein of mussel byssus indicates the conver-
gent evolution of both proteins due to the selective pressure on glue strength. The 
Ser2 proteins function as strong adhesives fixing the silk threads to surrounding 
substances (Kludkiewicz et al. 2009).

While the separated cocoon sericin components P and M were identified as ser1 
gene products, the last major component, sericin A, estimated to be about 250-kDa 

Ser1 1 2 3 4 5 6 7 8 9

1 2 5 6 7 8 9

1 2 3 4 5 7 8 9

1 2 4 5 7 8 9

1 2 7 8 9

1 2 3 4 5 6 7 8 9 10 11 12 13

1 2 3 4 5 6 7 8 10 11 12 13

1 2 3

Ser2

Ser3

Ser1C/Sericin M

Ser1D/Sericin M

Ser1B

Ser1A

Ser1A’/Sericin P

- -
-

-

-

-

- - -

-

Ser3/Sericin A

Ser2-large

Ser2-small

Gene ProteinExons Molecular mass

330,767 (>400 kDa)

283,617 (>400 kDa)

119,478

76,032

69,946 (150 kDa)

198,647 (230 kDa)

123,282 (250 kDa)

102,432 (120 kDa)

Fig. 14.13 Constitutional profiles of sericin proteins. The ser1 and ser2 genes produce transcript 
variants by skipping one or more exon(s) indicated by “-.” The molecular masses of Ser1C and 
Ser1D were estimated by Garel et al. (1997), and the others were calculated from the putative 
sequences obtained from GenBank including signal peptides. The molecular masses estimated by 
SDS-PAGE are also shown in parentheses (Takasu et al. 2002; Kludkiewicz et al. 2009)
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by SDS-PAGE turned out to be a product of a different gene. The fragmentation of 
sericin A by peptidases and N-terminal sequencing yielded several short amino acid 
sequences, which were used as queries for BLAST searches in the silkworm genome 
database. A novel gene was identified and designated as sericin-3 (ser3) (Takasu 
et al. 2007). The ser3 gene has a simpler structure and expression pattern than the 
other sericin genes; it spans about 6.6 kb and consists of three exons transcribed into 
one mRNA encoding a single protein (Figs. 14.12 and 14.13). The solubility of the 
Ser3 protein in hot water is higher than Ser1 proteins, probably because the serine- 

Fig. 14.14 Repetitive motifs in sericins and putative sericin proteins of Lepidoptera. Each motif 
is classified into one of the three groups based on the predicted secondary structure. (a) The motifs 
with a strong tendency to form β-sheet structure. (b) The motifs with predominant α-helix. (c) The 
motifs with a relatively weak tendency to form β-sheet structure. The resource species and the 
encoding gene or nucleotide name(s) were described above each motif connected with “_”. 
“Unigenes” and “contigs” are the putative sericin-encoding nucleotides reported by Dong et al. 
(2015) and Tsubota et al. (unpublished information), respectively. The number of amino acids 
composing a repeat unit is shown on the right separated by a comma. B. mor: Bombyx mori, A. per: 
Antheraea pernyi, A. yam: A. yamamai, A. ass: A. assama, A. sel: Actias selene, R. new: Rhodinia 
newara, S. ric: Samia ricini, G. mel: Galleria mellonella
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rich motifs found in Ser3 form fewer β-sheet structures than that of Ser1 proteins 
(Figs. 14.14b, c) (Takasu et al. 2006). The relatively soft texture of Ser3 might sup-
port the fibrilization at the spinnerets where sericins are exposed to a high shear rate.

It is possible that there are other genes encoding less abundant sericin proteins. 
For example, the proteomic analysis of silk by Dong et al. (2013) identified some 
serine-rich components (BGIBMGA001820, BGIBMGA005301, and 
BGIBMGA011896 in the silkworm database), though their functions are unclear.

14.5.3  Sericins of Saturniidae

The sericin characterization of other Lepidoptera was performed for comparison 
with Bombyx sericins to clarify the evolution of silk encoding genes.

Recently, Dong et al. (2015) identified 22 putative sericin candidates by tran-
scriptome analyses of silk glands from six Saturniidae silkmoths (superfamily 
Bombycoidea), including A. yamamai, A. pernyi, A. assama, the Indian moon moth, 

Fig. 14.14 (continued)
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A. selene, R. newara, and S. ricini. Tsubota et al. also identified 5 contigs encoding 
serine-rich proteins by analyzing the EST library of S. ricini MSG (Tsubota et al. 
unpublished information). Most of the transcripts encode repetitive motifs with 
relatively low sequence similarities to the repeats in Bombyx sericins. They can be 
classified into three groups based on the predicted secondary structure of their puta-
tive protein products (Garnier et al. 1978; Qian et al. 1988; Prevelige and Fasman 
1989). The first group members strongly tended to form β-sheet structures such as 
Bombyx Ser1 (Fig. 14.14a), the second group proteins strongly tended to form 
α-helix structures such as Bombyx Ser2 (Fig. 14.14b), and the third group showed 
intermediate features, reminiscent of Bombyx Ser3 (Fig. 14.14c). The identification 
of the corresponding proteins in secreted silk and detailed sequence and expression 
analyses are required to confirm the function of each candidate sericin gene.

14.5.4  Sericins of Galleria mellonella

Three sericin encoding genes, MG-1, MG-2, and MG-3, were identified in G. mel-
lonella, a moth of the superfamily Pyraloidea, family Pyralidae. They are similar to 
one another and are reminiscent of the Bombyx sericin genes by the structure of 
their N-termini, including the sizes and sequences of their first two exons (Zurovec 
et al. 2013). MG-1, MG-2, and MG-3 are expressed in the MSG in different devel-
opmental stages and at least one of them produces more transcripts by alternative 
splicing. The amino acid sequences encoded by the three genes, are different from 
the sequences of Bombyx sericins, and contain very short repeats consisting mostly 
of Ser (more than 50 %), asparagine (Asn) (11.1–17.8 %), and Gly (8.9–23.6 %). 
The repetitive motifs of all three known Galleria sericins can be classified into the 
first sericin group since they have a strong tendency to form β-sheet structures (Fig. 
14.14a).

14.6  Differences in Shape and Function of Silk Glands 
Between Insects

14.6.1  Gene Expression in Different Parts of Silk Glands

Specific genes or genes strongly expressed in a particular part of the silk gland were 
identified by several recent analyses. B. mori silk gland can be divided into three 
morphologically distinct regions (ASG, MSG and PSG), in which MSG, containing 
300 secretory cells, functions for sericin production and PSG with 500 cells synthe-
sizes fibroins (Prudhomme et al. 1985). Serial analysis of gene expression (SAGE) 
is a valid approach to analyzing a large number of genes expressed in a tissue of 
interest. SAGE was applied to the MSG and PSG of Bombyx (Royer et al. 2011). 
Approximately 18 genes were found to be specifically expressed in the MSG, in 
addition to sericins. Among them, the most annotated genes were those of enzymes. 
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In contrast to the MSG, just one novel protein coding gene, a storage protein, was 
specifically expressed in the PSG. A genome-wide microarray analysis was also 
utilized for gene expression analysis in multiple larval tissues (Xia et al. 2007). This 
study identified 412 genes that are up-regulated in the A/MSG and 109 in the PSG, 
respectively (Xia et al. 2007). The former included genes encoding proteases, pro-
tease inhibitors, dehydrogenases and protein kinases, and the latter encodes tran-
scription factors or structural proteins. The protease inhibitors in the MSG might 
protect fibroin proteins in the silk gland lumen against proteases expressed in this 
region. A transcription factor up-regulated in the PSG contains a basic helix-loop- 
helix domain. Interestingly, Bmsage, a member of this family, was recently found to 
be able to bind to the H-fibroin promoter and activate its expression (Zhao et al. 
2014).

The MSG of B. mori can be further divided into three subsections, MSG-A, 
MSG-M and MSG-P. Previous studies revealed that the sericin genes show region- 
specific expression; ser1 is expressed only in MSG-M and MSG-P, and ser2/ser3 in 
MSG-A (Matsunami et al. 1998; Takasu et al. 2007; Takasu et al. 2010). Genes 
showing such a region-specific expression were further explored via shotgun pro-
teomic analysis (Li et al. 2015). This analysis revealed that 55 proteins are specifi-
cally expressed in MSG-A, 14 in MSG-M, and 173 in MSG-P, respectively. The 
proteins expressed in MSG-A are likely to be involved in multiple processes, such 
as silk gland development and silk protein protection. Proteins with abundant 
expression in MSG-M are involved in the ribosome pathway. On the other hand, the 
MSG-P proteins are mainly involved in oxidative phosphorylation and citrate cycle 
pathways. Protein expressions were also compared between the MSG and PSG, and 
it was found that 237 proteins were expressed only in the MSG and 98 had stronger 
expression in this region. Many of these proteins are involved in protein biosynthe-
sis, suggesting that translation-related pathways are activated in the MSG for effi-
cient synthesis of silk proteins. The expression of mRNA for MSG proteins was 
also investigated and it was found that proteins expressed abundantly in the MSG-A 
were regulated primarily at the transcriptional level. In contrast, there was an incon-
sistency between the transcription and translation levels for genes whose protein 
products are abundant in the MSG-M and/or MSG-P. Nevertheless, the results 
obtained here strongly supported the hypothesis that each MSG sub-region has dis-
tinct biological functions.

RNA-sequencing is a novel technology for high-throughput screening of gene 
expression. This technique was utilized to study the gene expression of the B. mori 
silk gland (Chang et al. 2015). In this study, gene expression was mainly investigated 
in the ASG, and it was found that 282 genes were upregulated in this region. The 
gene ontology and pathway analysis suggested that ion transportation, energy metab-
olism, protease inhibitors and cuticle proteins play essential roles in the process of 
silk formation and spinning. This study also clarified that a number of genes showed 
a different expression level between males and females. These genes might be asso-
ciated with the differences in the quality of the silk fibers between sexes. As described 
below, RNA-sequencing has now been utilized for the transcriptomic analysis of a 
number of wild silkmoth species and this is potentially a very powerful approach for 
the elucidation of the mechanisms of silk production. Genes, gene ontologies or 
pathways activated in each silk gland subpart are summarized in Table 14.1.
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14.6.2  Regulation Mechanisms for Sericin and Fibroin Genes

Recently, there has been an advance in the study of the transcriptional regulation 
mechanisms for sericin and fibroin genes. Expression of ser1 is confined to the 
MSG-M and MSG-P. The spatial restriction is mediated by the input of several 
transcriptional factors, including activator(s) and repressor(s). Forkhead (Fkh) is a 
transcription factor with a fork head domain that binds around −90 of the ser1 pro-
moter sequence (Mach et al. 1995). Removal of this sequence decreased the tran-
scriptional activity, suggesting that Fkh functions as a putative ser1 activator. Fkh 
also regulates fibroin heavy chain (H-fibroin) expression. Another regulator of ser1 
is the MSG-intermolt-specific complex (MIC), a tissue- and stage-specific factor 
complex that is intrinsic for ser1 expression (Takiya et al. 2011). The MIC binds to 
several ser1 promoter sequences with ATTA-core elements. Analysis of this com-
plex clarified that this includes a Hox transcriptional factor, Antennapedia (Antp), 
and its cofactors, Extradenticle (Exd) and Homothorax (Hth) (Kimoto et al. 2014). 
Among them, just Antp is specifically expressed in the MSG. In addition, it has been 
suggested that Antp is responsible for region-specific ser1 expression. This was 
further supported by the result that Antp-misexpression in the PSG using transgenic 
techniques could significantly induce ser1 expression in that region.

POU-M1 is another ser1-regulator with a class III POU domain. POU-M1 binds 
to approximately −200 of the ser1 promoter sequence (Fukuta et al. 1993). Initially, 
this transcription factor was considered to be a ser1 activator because the removal 
of this sequence decreased ser1 promoter activity in vitro. However, examination of 

Table 14.1 Summary of genes, gene ontologies or pathways activated in B. mori silk gland

ASG MSG-A MSG-M MSG-P PSG References

18 genes including enzymes Storage protein Royer et al. 
(2011)

Proteases, protease inhibitors, 
dehydrogenases, protein kinases

Transcriptional 
factors, structural 
proteins

Xia et al. 
(2007)

Silk gland 
development, 
silk protein 
protection

Ribosome 
pathway

Oxidative 
phosphorylation, 
citrate cycle 
pathway

Li et al. 
(2015)

Ion 
transportation, 
energy 
metabolism, 
protease 
inhibitors, 
cuticle 
proteins

Chang et al. 
(2015)

ASG anterior silk gland, MSG-A anterior part of the silk gland, MSG-M middle part of the silk 
gland, MSG-P posterior part of the silk gland, PSG posterior silk gland
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the spatiotemporal expression revealed that POU-M1 is expressed in a complemen-
tary pattern to that of ser1 in various developmental stages (Kokubo et al. 1997; 
Matsunami et al. 1998; Kimoto et al. 2012). In addition, POU-M1 could repress 
ser1 promoter activity when introduced into the silk gland via a particle gun (Kimoto 
et al. 2012). Competition of POU-M1 with MIC for binding to the −70 region of the 
ser1 promoter sequence was also revealed (Kimoto et al. 2012). All of these results 
suggested that POU-M1 acts as a negative regulator of ser1 expression.

In the PSG, the fibroin component genes [H-fibroin, fibroin light chain (L-fibroin) 
and fibrohexamerin (fhx)] are abundantly expressed and regulation of H-fibroin tran-
scription has been well studied. Fkh binds to the upstream proximal region of 
H-fibroin (Takiya et al. 1997) and this region is required for transcriptional activa-
tion in vitro (Suzuki et al. 1986). Fibroin modulator-binding protein-1 (FMBP-1) 
also binds to the H-fibroin promoter but its function has yet to be determined (Takiya 
et al. 1997; 2005). Silk gland factor-2 (SGF-2), a tissue-specific H-fibroin regulator 
complex, was recently purified and its components were determined. SGF-2 mainly 
consists of the LIM-homeodomain transcription factor Arrowhead (Awh), LIM 
domain-binding protein (Ldb) and a sequence-specific single-stranded DNA- 
binding protein (Lcaf) (Ohno et al. 2013). Awh is a region-specific activator specifi-
cally expressed in the PSG. Also, induction of H-fibroin expression was confirmed 
when Awh was misexpressed in the MSG (Ohno et al. 2013; Kimoto et al. 2015). 
This misexpression accompanied L-fibroin and fhx expression suggesting that Awh 
is a key regulator for all of the silk component genes (Kimoto et al. 2015). SGF-2 
could bind to the promoter region of these genes (Kimoto et al. 2015); therefore, it 
was suggested that Awh is regulating them directly. Recently, a basic helix-loop- 
helix transcription factor, Bmsage, was found to stimulate H-fibroin expression by 
interacting with Fkh (Zhao et al. 2014). The currently understood transcriptional 
regulation of silk genes is pictured in Fig. 14.15.

Fig. 14.15 A scheme of the transcriptional regulation for silk genes. The subregion of the silk 
gland is shown above the drawing of the silk gland and the transcriptional regulation is depicted 
below. Abbreviations: ASG anterior silk gland; MSG-A anterior part of the silk gland, MSG-M 
middle part of the silk gland, MSG-P, posterior part of the silk gland, PSG, posterior silk gland; 
fkh, forkhead; Antp; Antennapedia; Awh, Arrowhead; ser1, sericin-1; h-fib, h-fibroin; l-fib, l-fibroin; 
fhx, fibrohexamerin. POU-M1 represses ser1 and other transcriptional factors activate expressions 
of silk genes, including ser1
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14.6.3  Quantitative Differences in Gene Transcription Profiles 
Between Bombyx mori and Other Wild Silkmoths

A number of wild silkmoth species can produce various types of cocoons and gene 
expressions have also been extensively studied in the silk gland of these species. We 
will describe several recent studies concerning this topic.

B. mandarina is a wild relative of B. mori and this species has been selected for 
cocoon yield for more than 5000 years. Comparison of silk gland gene expression 
between B. mori and B. mandarina has helped elucidate the genetic mechanism that 
underlies this process. The expression analysis revealed that 16 genes were upregu-
lated in the B. mori silk gland and 16 in B. mandarina, respectively (Fang et al. 
2015). The former included genes related to tissue development, secretion of pro-
teins and metabolism (Table 14.2). These genes may be involved in the highly effi-
cient biosynthesis and secretion of silk proteins. The latter included genes involved 
in the immune response (Table 14.2) and they may be involved in responding to 
pathogens and environmental conditions. Gene expression in the B. mandarina silk 
gland was also analyzed by another group that focused on genes that might have 
undergone positive selection during domestication (Cheng et al. 2015). Using the 
nonsynonymous site/synonymous site (Ka/Ks) analysis, it became apparent that 
400 genes might have experienced or will experience artificial selection. These 
genes included components of insulin or the mTOR pathway; therefore, it is  possible 

Table 14.2 Comparison of gene expression between B. mori and wild silkmoths

Species compared 
with B. mori

Genes 
upregulated in B. 
mori

Genes 
upregulated 
in the wild 
silkmoth

Genes showing 
conserved 
expression References

B. mandarina 
(Lepidopera; 
Bombycidae)

Related to tissue 
development, 
secretion of 
proteins, 
metabolism

Related to 
immune 
response

Fang et al. 
(2015)

S. ricini 
(Lepidoptera; 
Saturniidae)

Glucose 
dehydrogenase

Tsubota et al., 
unpublished 
information

A. pernyi, A. 
yamamai, A. 
assama, S. ricini, 
A. selene, R. 
newara 
(Lepidoptera; 
Saturniidae)

Related to 
binding, 
enzyme 
regulator

Dong et al. 
(2015)

S. derogate 
(Lepidoptera; 
Pyralidae)

FMBP-1, juvenile 
hormone esterase, 
ecdysone oxidase

Su et al. (2015)

FMBP-1 – fibroin modulator-binding protein 1 gene
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that they are molecular targets of artificial selection. The genomic analysis of 29 B. 
mori strains and 11 B. mandarina populations also succeeded in the identification of 
4 candidate genes for the domestication (Xia et al. 2009).

The lepidopteran Saturniidae family of insects produces a wide variety of 
cocoons with unique characteristics. The Saturniidae and Bombycidae family, 
including B. mori and B. mandarina, belong to the same superfamily, Bombycoidea, 
but the characteristics of the cocoon are largely diversified between these two fami-
lies. The morphology of the silk gland is also clearly different between these fami-
lies (Fig. 14.1; Sehnal and Akai 1990). Silk gland gene expression was examined in 
S. ricini, which belongs to the saturniid species (Tsubota et al., unpublished infor-
mation). Analysis of the EST library revealed that genes encoding L-fibroin or Fhx 
proteins are absent. This is in agreement with a previous report that these proteins 
are lacking in the fibroin complex of Saturniidae (Tamura and Kubota 1989; Tanaka 
and Mizuno 2001). The comparison of gene expression between S. ricini and B. 
mori revealed that several genes, including glucose dehydrogenase, showed conser-
vation of expression, while others were differentially expressed (Table 14.2). The 
latter genes might be involved in the diversification of silk characteristics between 
Saturniidae and Bombycidae.

RNA-sequencing was also used for gene expression analysis in six saturniid spe-
cies, namely, A. pernyi, A. yamamai, A. assama, S. ricini, A. selene and R. newara 
(Dong et al. 2015). Gene annotation and gene family analysis was carried out using 
the genetic information of B. mori and these six saturniids, and it was found that a 
total of 17,357 families exist within these seven species. Among the identified fami-
lies, 929 are Saturniidae-specific, 181 are Antheraea-specific and 65–207 are 
species- specific. The Saturniidae-specific genes are enriched in binding and enzyme 
regulator activities that would primarily be involved in growth progression (Table 
14.2). It is possible that these genes are contributing to the distinct morphologies of 
the silk gland between Bombycidae and Saturniidae. Among the analyzed species, 
A. yamamai, A. assama and R. newara produce stably colored cocoons. Comparison 
of gene expression between these and other species revealed that transferase, oxido-
reductase and molecular transducer genes are increased or specifically expressed in 
the species with colored cocoons. These genes might be potential targets to manipu-
late cocoon color in the future.

The cotton leaf roller Sylepta derogate, a family of Pyralidae, also produces silk 
to stabilize the rolled leaf and to balloon from used to new leaves. Gene expression 
analysis in this species revealed that silk component genes, such as H-fibroin and 
L-fibroin, are strongly expressed in the silk gland, which is similar to the other fami-
lies (Su et al. 2015). FMBP-1, a putative H-fibroin regulator, was significantly 
expressed in the silk gland (Table 14.2). Research into elucidating if there is a con-
served mechanism for silk gene regulation across the family would be interesting. 
The juvenile hormone esterase and the ecdysone oxidase genes showed high levels 
of expression and these proteins have been shown to exhibit strong expression in the 
MSG of B. mori (Li et al. 2015). The temporal expression change was also analyzed 
showing that a number of genes have distinct expression levels among three differ-
ent stages, namely, the fifth instar larva, prepupa and pupa.
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In summary, a number of silk or silk-related genes were identified in various silk- 
producing species using techniques such as RNA-sequencing. The comparison of 
gene expression was also conducted and genes showing distinct expression levels 
among species were identified. RNA-sequencing could potentially be a promising 
method for the extensive analysis of silk gland gene expression. This technology 
can contribute to the elucidation of the molecular mechanisms that underlie the 
diversification of cocoon characteristics. Such a study would facilitate our under-
standing of the evolutionary biology of these organisms. In addition, it would be 
helpful to promote the practical use of silk to various projects including fabric pro-
duction, tissue engineering and others.

14.7  Different Features Seen in Silks of Non-lepidopteran 
Insects

Lepidopteran silks, especially those from species of the Bombycoidea superfamily 
are widely known because of extensive studies on silk proteins and genes for many 
decades, but there are other types of insect silk with different characteristics. Silks 
that are spun under water by caddisfly larvae are considered orthologs of silks pro-
duced by Lepidoptera. On the other hand, coiled-coil silks of hornets or some other 
clades of Insecta are thought to have evolved convergently. The above silks are 
described in detail in this section.

14.7.1  Trichpteran Silk Fibroins

Trichoptera (caddisflies) is one of insect orders representing the land-water habitat. 
Larval and pupal stages of almost all trichopteran species stay in fresh water, and 
only a few marine or terrestrial species are known. Approximately 12,000 caddisfly 
species have already been discovered around the world. Caddisfly species are cate-
gorized into 3 suborders: Annulipalpia, Integripalpia, and Spicipalpia; the first 2 
suborders in the list are monophyletic (Kjer et al. 2002). Caddisfly larvae produce 
silk in a pair of silk glands and spin silk under water. The use of their silk varies and 
is dependent on species, e.g., construction of portable cases, retreats, catching nets 
for pray, and cocoons. The silk glands of a caddisfly look similar in appearance to 
those of Bombyx larvae; the latter glands have a thicker middle part followed by a 
relatively thinner part. Similar morphology of their glands led to the supposition 
about similar assembly of the main product, silk.
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14.7.2  Identification of Silk Fibroin Genes in Trichoptera

The silk fibroin genes of Trichoptera have been identified by expressed sequence tag 
(EST) analysis of silk gland-specific cDNA libraries from species that represent 3 
suborders (Hydropsyche angustipennis: Annulipalpia, Limnephilus decipiens: 
Integripalpia, and Rhyacophila obliterata: Spicipalpia) (Yonemura et al. 2006). The 
most abundant cluster of ESTs in each cDNA library contains a 5′-truncated open 
reading frame (ORF) that shares similarity with lepidopteran H-fibroin genes. A 
full-length ORF similar to the lepidopteran L-fibroin gene was also found in another 
abundant cluster in each library. Nonetheless, the cluster containing the fibroin P25 
gene sequence was not found.

After further research (Yonemura et al. 2009; Wang et al. 2010), trichopteran 
fibroin genes were characterized as follows: H-fibroin has

 1. A long and dominant gene transcript; northern blot analysis showed that the 
entire length of H-fibroin gene transcripts can be >10 kbp if they are produced in 
the posterior part of silk glands of H. angustipennis.

 2. A molecular structure similar to that of Lepidoptera. Although the entire 
sequence of the H-fibroin gene has not been determined, rapid amplification of 
5′ cDNA ends (5′RACE) and EST analysis showed that it consists of a repetitive 
central part flanked by nonrepetitive terminal parts. As in Lepidoptera, the 
deduced amino acid sequences encoded by the H-fibroin gene are highly species 
specific among the 3 trichopteran species. The terminal non-repetitive sequences 
show high similarity with the N or C terminus of lepidopteran H-fibroin.

 3. A strongly conserved 1st exon and the exon/intron boundary.

On the other hand, L-fibroin has

 1. High similarity of the deduced amino acid sequence to the lepidopteran 
counterpart.

 2. The gene consisting of 6 exons. Exon/intron boundaries of the gene are highly 
conserved between the 2 orders, with separation of the 5th exon of Trichoptera 
into 2 (5th and 6th) exons in Lepidoptera.

Therefore, trichopteran H- and L-fibroin genes are considered orthologs of lepi-
dopteran fibroins. Ancestral silk before the separation of Trichoptera and Lepidoptera 
might have consisted of only heterodimers of H- and L-fibroins due to a lack of the 
P25 gene in Trichoptera. Interaction between H-fibroin and P25 proteins involves 
sugar side chains (Tanaka et al. 1999a), and lepidopteran H-fibroin genes have 1 or 
several glycosylation signals in the 5′ region (the saturniid type is an exception). 
Nevertheless, no glycosylation signal has been found in the 5′ region of any trichop-
teran H-fibroin gene. EST analysis of silk glands of P. californicus also seems to 
support this finding: no cluster representing a P25 gene transcript was found (Collin 
et al. 2010). During evolution, assembly of P25 with fibroin heterodimers might 
have occurred sometime between the appearance of Hepialoidea and 
Yponomeutoidea.
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14.7.3  Protein Analysis of Underwater Silk

Unique characteristics such as toughness and adhesiveness of underwater silk are 
some of its attractive features for development of new materials. Data on physical 
properties of trichopteran silks are accumulating and revealing the secrets of under-
water silk.

Deduced amino acid sequences of trichopteran species showed that underwater 
silk has amino acid composition that is different from that of terrestrial lepidopteran 
silks. Alanine, which is dominant in lepidopteran silks (e.g., 30 % in B. mori and 
40 % in A. yamamai), is low, while proline (Pro), which is scarce in lepidopteran 
silk, is abundant in trichopteran silk. These findings point to a lack of the Ala based 
β-sheet construct in trichopteran silk. Stewart and Wang (2010) performed pro-
teomic analysis of Brachycentrus echo silk and detected abundant phosphorylated 
Ser residues (pSer) in this silk. They hypothesized that a construct based on pSer- 
rich SXSXSX motifs, which are common throughout the suborders of Trichoptera, 
provides the physical strength of alanine free β-sheet. Those authors also suggested 
that pSer contributes to adhesiveness of the silk.

Transcriptomic and proteomic analyses of Hysperophylax occidentalis showed 
that there are no proteins similar to Bombyx sericins, but revealed peroxinectin and 
a superoxide dismutase that are active in the peripheral region of this silk. A model 
was proposed (peroxinectin-catalyzed dityrosine cross-linking occurs post-draw by 
means of H2O2 generated within the silk fiber by superoxide dismutase 3) to explain 
the origin of adhesiveness (Wang et al. 2014, 2015).

It is believed that underwater protein polymers are almost indissoluble after the 
polymerization. Some researchers attempted to isolate silk components, and 4 major 
silk constituents, Smsp-1 to Smsp-4, were successfully purified from the lumen silk 
dope of Stenophyche marmorata. Partial sequence of Smsp-1 3′ terminus was deter-
mined, deduced amino acid sequence of which matched C-terminal sequence of S. 
marmorata H-fibroin (Ohkawa et al. 2012; 2013). While the authors speculated that 
the molecular weight of Smsp-1 is 380 kDa, the accurate molecular weight of 
Smsp-1 would be more informative and could be more precisely estimated by SDS- 
PAGE with use of proper size markers that contain a protein standard around 500 
kDa e.g. HiMark series standards (Thermofisher Scientific). Smsp-3 (~20 kDa) has 
been recently identified as L-fibroin of S. marmorata (Bai et al. 2015).

14.7.4  Coiled Coil Silks

The coiled coil is one of structural motifs found in proteins: it results from the pro-
pensity of 2 or more right-handed helices to wind around one another. As for the silk 
produced by insects, aculeate insects (Apocrita, Hymenoptera), sawflies (Symphyta, 
Hymenoptera), fleas (Siphonaptera), lacewings (Neuroptera), and mantises 
(Mantodea) are reported to produce silks that contain coiled coil structure. Many 
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aculeate species produce cocoons during pupation. Hornet larvae build cocoons 
within individual cells of the hornet hive to shield themselves during pupation. 
Adult weaver ants manipulate silk-producing larvae to bind plant leaves together to 
form a nest in which the larvae pupate without a cocoon (Kirshboim and Ishay 
2000).

14.7.5  Characteristics of Genes and Proteins of Coiled Coil 
Silks

Coiled coil silk proteins from 5 aculeate species were identified in the silk gland 
cDNA: in honeybee, weaver ant, and Australian bulldog ant by Sutherland et al. 
(2006, 2007) and in the hornet by Sezutsu et al. (2007). The coiled coil proteins 
from 3 mantis species and 1 lacewing species were also described (Weisman et al. 
2008; Sutherland et al. 2013).The sequence-structure relation of coiled coils is one 
of the best understood among any protein domains: coiled coils are formed in pro-
teins with repeating heptad motifs of the structure (abcdefg)n, where the 1st (a) and 
4th (d) positions are occupied by residues more hydrophobic than the other posi-
tions. In the helical conformation, the (a) and (d) residues form a hydrophobic stripe 
down 1 side of the helix, and individual helices associate to sequester these residues 
from the solvent, leading to a hydrophobic interaction and close packing (of the 
“knobs-into-holes” type) of the side chains, thus resulting in the left-handed super-
coiling (coiled coil). The coiled coil structure is dependent on amino acid character-
istics rather than on identity; this flexibility of coiled coil sequences may be the 
reason for the divergence of primary sequences and low homology among taxa.

A coiled coil generally contains a core rich in the hydrophobic residues, e.g., 
Leu, isoleucine (Ile), valine (Val), and methionine (Met). In contrast, the core of the 
coiled coil found in silk proteins contains a high proportion of Ala residues. 
Theoretically, Ala is not suitable for the core of coiled coils due to its smaller and 
less hydrophobic side chain in comparison with other hydrophobic residues found 
in the core. On the other hand, Ala is commonly found in the core of natural pro-
teins, such as tropomyosin, that have long coiled coil domains. Ala has higher helix 
propensity than any other amino acids do. Accumulation of weaker hydrophobic 
interactions created by numerous Ala residues is sufficient to stabilize coiled coil 
folding. An Ala residue is expected to be highly suitable for the coiled coil silk 
proteins that have much longer coiled coil domains: up to 30 consecutive heptads 
(Kameda et al. 2014).

Four paralogous genes of proteins from coiled coil silk have been found in all of 
the aculeate species investigated (Sutherland et al. 2006; Sezutsu et al. 2007; 
Sutherland et al. 2007; Shi et al. 2008). The 4 proteins of the honeybee and hornet 
were e named AmelF1–AmelF4 [the honey bee, Apis mellifera fibroin 1–4 
(Sutherland et al. 2006)] and Vssilk 1–4 [the Japanese yellow hornet,Vespa simil-
lima silk 1–4 (Sezutsu et al. 2007)], respectively. Among the 4 proteins, the primary 
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sequences have diverged considerably, but other features are strongly conserved, 
including low molecular weight; high abundance of Ala, Glu (glutamine), Lys 
(lysine), and Ser; and a triblocklike architecture with an extensive central coiled coil 
domain together with end domains of less easily predictable secondary structure.

Pioneering work on helix-type structures in the silk of Hymenoptera was done by 
2 research groups (Atkins 1967; Lucas and Rudall 1968). Besides X-ray scattering 
at wide and small angles, cryoelectron diffraction and microscopy were utilized to 
demonstrate the presence and detailed structure of an α-helical coiled coil in the silk 
of the giant hornet Vespa mandarinia japonica (Kameda et al. 2014). As described 
above, the coiled coil structure consists of 2 or more right-handed α-helices that 
wind around one another. Extensive studies on the structure of aculeate silks have 
revealed filaments consisting of a 4-strand α-helical coiled coil rather than the more 
usual 2-strand coiled coil, for example, in α-keratin and myosin. The heterotetra-
meric arrangement of the 4 proteins into the coiled coil possibly facilitates spatial 
organization of the proteins or their accumulation up to high concentrations in the 
silk gland prior to silk fabrication.

14.7.6  Molecular Size, Cross-Linking, and Solubility of Coiled 
Coil Proteins

Proteins of coiled coil silk have molecular weight ranging from 29 to 50 kDa. The 
average, 38 kDa, is much smaller than the molecular weight of the H-fibroin protein 
of silkworms (ca. 400 kDa). All of the coiled coil silks that have been analyzed so 
far contain a central domain flanked by N and C termini. This kind of 3-domain 
configuration is the same as that of lepidopteran and trichopteran H-fibroins. The 
central domain forms a coiled coil structure, which is effectively predicted by algo-
rithms such as MARCOIL. Among the 280 proteins analyzed (published data), the 
size of the coiled coil domain (17–25 kDa) is much smaller than that of H-fibroins, 
e.g., in B. mori ca. 370 kDa and in A. yamamai ca. 200 kDa. On the other hand, the 
sizes of N and C termini of coiled coil silks (from 3 to 18 kDa [average 15 kDa] and 
from 2 to 18 kDa [average 16 kDa], respectively) have diverged considerably in the 
course of evolution, while those of lepidopteran and trichopteran silks are remark-
ably conserved.

Individual silk protein molecules must form intermolecular (hydrophobic, polar, 
ionic, or covalent) bonds to produce cohesive solid materials. Obviously, the key 
interaction is initial formation of the coiled coil that links 4 proteins in aculeate silks 
and 2 proteins in mantis silks to generate protein units of ~120 kDa (aculeate silks) 
or 80 kDa (mantis oothecae).

Aculeate and sawfly silks contain a significant proportion of the β-sheet struc-
ture; therefore, β-sheet-based hydrogen bonding between coiled coil units is likely 
to contribute to the final properties of the material. It was reported that sawfly silks 
contain the highest proportion of β-sheet structure (Lucas and Rudall 1968), and in 
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hornets, this proportion is higher than in bees and ants. In contrast, much less β-sheet 
structure is observed in mantis oothecae or lacewing cocoons (Weisman et al. 2008).

Covalent cross-links may also contribute to intermolecular bonds in some coiled 
coil silk proteins (Campbell et al. 2014). Cysteines are absent in all the other acule-
ate silk proteins, but ant silk proteins (weaver ant, Australian bulldog ant, and Indian 
jumping ant) contain conserved cysteine residues at the (e) position of the 3rd hep-
tad in the AmelF4 homolog and at the (a) position of the 25th heptad in the AmelF2 
homolog. This finding is suggestive of an important role of cysteine residues. The 
silk protein of the lacewing cocoon and some mantis silk proteins contain cysteine 
residues, but no conserved positions of cysteine residues are found in the mantis silk 
proteins. These cysteine residues may take part in disulfide bonding, but the above 
observations suggest that disulfide bonds are not necessary for fiber formation.

Some proteins of coiled coil silk are also covalently linked without disulfide 
bridges. Honeybee silk proteins isolated from glands were analyzed by SDS-PAGE, 
and both multimers and monomers were identified (Sutherland et al. 2006), indicat-
ing that the proteins are at least partially cross-linked in the gland before being spun 
out. Spun out silks of the honeybee and ant and oothecae of mantises cannot be 
dissolved by the chaotropic agent lithium bromide or other protein denaturants; this 
observation is consistent with characteristics of mature silk proteins that form a 
covalent network of protein molecules (Campbell et al. 2014). In contrast to these 
silks, hornet silk can be dissolve in an aqueous solution of lithium bromide or cal-
cium chloride, or in some halogenated organic solvents, such as hexafluoroisopro-
pyl alcohol (HFIP) and dichloroacetic acid (DCA) (Kameda and Zhang 2014). 
Good solubility of hornet silk is due to the small number of covalent links in the 
protein network; this characteristic is an advantage for use in artificial materials, as 
described below.

14.7.7  Artificial Materials Made from Coiled Coil Silks

Silk proteins have been extensively used as templates for biomaterials. In particular, 
biomaterials made from regenerated and recombinant portions of the β-sheet- 
forming silk proteins from spiders and silkworms have been used for cell culture 
and as drug delivery vehicles, tissue regeneration scaffolds, and biosensors. It is 
possible to design coiled coil materials on the basis of naturally occurring coiled 
coil fibrous proteins such as silks produced by aculeates.

Pioneering work on artificial materials based on coiled coil silk was performed 
on the silk produced by the hornet (Kameda et al. 2005). Transparent films of hornet 
silk can be prepared by casting reconstituted hornet silk in HFIP (Kameda et al. 
2005) or an aqueous solution of ammonia (Kameda 2015). The film of hornet silk is 
transparent in the wet state, has mechanical properties that allow this material to 
withstand surgical handling, and is flexible; therefore, hornet silk holds promise as 
a biomaterial for cornea engineering (Hattori et al. 2011). Transparent films can also 
be generated from hydrogels that are formed after lithium bromide is removed from 
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reconstituted hornet silk (Kameda et al. 2010). The molecular structure of these 
films is similar to that of native hornet silk, containing both α-helical coiled coils 
and β-sheets. Drawing can influence orientation of the coiled coil units. The maxi-
mal draw ratio (DR) that has been achieved during drawing is 2.0; this is the ratio of 
the lengths of the film after and before drawing. The maximal tensile strength and 
tensile modulus of the films are 170 MPa and 5.5 GPa, respectively; these values are 
greater than those of films prepared from silkworm silks. Hornet silk hydrogels can 
also be molded into tubes (Kameda and Aratani 2011).

14.8  Gene Modification in Silk Glands Using Transgenic 
Technology for Industrial Use

During the last two decades of the twentieth century, transposon-mediated germline 
transformation using a P element was established in the fruit fly, Drosophila mela-
nogaster (Rubin and Spradling 1982), and played crucial roles in biological studies. 
Studies in D. melanogaster were dramatically expanded from genetic and cytoge-
netic investigations to those in a broad range of fields of biological research, includ-
ing neurobiology and developmental biology. Nevertheless, the use of this approach 
has been limited to D. melanogaster and closely related species because P element 
transposition occurs only in these species.

In 1993, the piggyBac transposon was found to be inserted into baculoviruses 
from a lepidopteran host (Wang and Fraser 1993). Further work indicated the less 
host-dependent transposition of this transposable element, so it was applied to 
develop a non-P element transgenic system with a broad host range.

At the end of the twentieth century, germline transformation using a piggyBac 
transposon-derived vector was established in the domestic silkworm, B. mori 
(Tamura et al. 2000). It was the first successful procedure involving the transgenesis 
of lepidopteran insects. Since then, various approaches have been applied in the 
silkworm to clarify its biological functions as well as to develop industrial 
applications.

In industry, transgenic silkworms have mostly been used for producing new 
high-performance silk or useful recombinant proteins in the silk glands. As fibroin 
and sericin are genes that are highly expressed in the silk glands, they are attractive 
target genes for modification. Here, we briefly describe the procedures involved in 
this conversion.

The methods for gene modification in the posterior silk gland were developed 
using vectors originally containing the L-fibroin or H-fibroin gene. In these vectors, 
the transgene was fused with the L-fibroin gene (Tomita et al. 2003) or the H-fibroin 
gene (Kojima et al. 2007a).

Transgenic silk has been generated using the H-fibroin fusion vector. For exam-
ple, colored fluorescent silk was developed using vectors in which genes encoding 
fluorescent proteins were fused with the N- and C-terminal sequences of the 
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H-fibroin gene (Iizuka et al. 2013). By this approach, transgenic silkworms and fab-
ric products for the mass production of fluorescent silk with three colors (green, red, 
or orange) were successfully generated (Iizuka et al. 2013).

Some research groups have also attempted to produce transgenic silkworms 
expressing spider silk in order to develop high-toughness silk (e.g. Kojima et al. 
2007b; Teulé et al. 2012). Recently, Kuwana et al. (2014) generated high-toughness 
silk that was produced by a transgenic silkworm expressing spider (Araneus ventri-
cosus) dragline silk protein. This transgenic silkworm yielded a fusion protein of 
H-fibroin and spider dragline protein in cocoon silk. Despite the relatively low pro-
tein content, ranging from 0.37 % to 0.61 % w/w (1.4–2.4 mol%), of native silk-
worm fibroin, the toughness of the raw silk was improved by 53 % after the 
introduction of the spider silk protein. Fabric products made using this silk demon-
strated its commercial feasibility for machine reeling, weaving, and sewing.

Other successful uses of genetically modified H-fibroin include the introduction 
of vascular endothelial growth factor (VEGF) or the fibronectin-derived cell- 
adhesive sequence (RGD) to improve revascularization properties (Saotome et al. 
2015). By these approaches, improved cellularization was confirmed for transgenic 
fibroin samples (VEGF and RGD) compared to native fibroin.

For the production of useful recombinant proteins, Tomita et al. (2003) were the 
first to successfully produce a human type III procollagen mini-chain by fusion with 
L-fibroin. Kurihara et al. (2007) subsequently constructed an H-fibroin expression 
system to produce feline interferon (FeIFN) by fusion with H-fibroin. Active FeIFN 
was derived from protease treatment to eliminate H-fibroin N- and C-terminal 
sequences.

Middle silk glands effectively yield large amounts of sericin protein and are suit-
able for the production of useful recombinant proteins, because sericin is water- 
soluble and it is easy to purify the recombinant proteins. To produce recombinant 
proteins in the sericin layer, binary expression systems (HR3/IE1 and GAL4/UAS) 
using the sericin-1 gene promoter were developed (Tomita et al. 2007; Tatematsu 
et al. 2010).

One of the most successful cases of the production of recombinant proteins 
involved the use of monoclonal antibodies (mAbs) (Iizuka et al. 2009; Tada et al. 
2015). Anti-CD20 mAb produced in a transgenic silkworm showed similar antigen- 
binding affinity, but stronger antibody-dependent cell-mediated cytotoxicity 
(ADCC) compared with the antibody produced by Chinese hamster ovary (CHO) 
cells (Tada et al. 2015). Post-translational modification analysis showed a signifi-
cant difference in N-glycosylation between the CHO- and silkworm-derived mAbs.

The procedure for N-glycosylation is simpler in silkworms than in mammals. To 
increase the utility of systems to produce recombinant proteins in silkworms, many 
studies have been conducted to understand and modify the N-glycosylation path-
way. Recently, Mabashi-Asazuma et al. (2015) demonstrated that the N-glycosylation 
pathway in the silk gland can be glycoengineered by introducing mammalian 
glycosyltransferases.

In place of transposon-mediated germline transformation, genome editing, which 
is genome engineering using programmable nucleases, has been rapidly developed 
(Kim and Kim 2014). It is an innovative method that enables the disruption and/or 
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replacement of any target gene. In the transposon-mediated transgenic system in the 
silk glands, the transgenes are expressed in addition to the native fibroin or sericin 
gene, but the expression level of the former is usually lower than that of the latter, 
mainly because of the lack of genomic enhancer sequences in the vector.

If we can disrupt and/or replace the native fibroin or sericin gene, the amount of 
transgenic silk or recombinant proteins produced will be greatly improved. Ma et al. 
(2014) successfully performed gene knockout and removal of the endogenous 
H-fibroin gene. In addition, an efficient method for gene knockin in the silkworm 
was developed using microhomology-mediated end-joining-dependent integration 
of donor DNA (Nakade et al. 2014). In the near future, gene modification by genome 
editing in the silk glands should greatly expand the utility of silkworms for indus-
trial use.

14.9  Conclusion

We presented in this chapter specific features of fibroins including two distinctive 
compositions of lepidopteran fibroins. Furthermore, lepidopteran sericins and other 
components expressed in the silk glands of B. mori and S. ricini were also described.

Silk proteins, produced by various insects, are extremely variable in terms of 
their architectures and properties, e.g. biased use of specific amino acid residues, 
recurrent appearance of β-sheet structure derived from repetition of specific amino 
acid sequence motifs, etc. Their evolutions are likely driven by adaptive selection 
pressure. Only limited knowledge is available for understanding how silk proteins 
adapt to their living environments. Therefore, we need to elucidate primary, second-
ary and higher order of protein structures and clarify their variation among species 
to understand the evolutionary machinery of silk proteins. Furthermore, it is neces-
sary to know roles of silk proteins in cocoons to increase the insect fitness, as for 
example to know how effectively such cocoon protects and preserves the pupa from 
environmental stresses (e.g. Jin et al. 2014).

As their variety in terms of their architectures and properties, silk proteins are 
likely to be useful biomaterials applicable to multiple useful purposes. Furthermore, 
the transgenic and genome editing techniques established in B. mori confer the abil-
ity to generate fusion genes that hold promise for adding new functions to silk pro-
teins. Thus, the combination of silk proteins with gene modification techniques for 
generating genetically modified organisms, should provide silk proteins with an 
extended range of properties for use as biomaterials in various fields such as the 
textile industry and the biomedical arena.
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    Chapter 15   
 The Complex Secretions of the Salivary 
Glands of  Drosophila melanogaster , A Model 
System                     

     Robert     Farkaš    

    Abstract     The  Drosophila  salivary glands (SGs) are historically well known for 
their polytene chromosomes and became a tissue of choice to study sequential gene 
activation by the steroid hormone ecdysone. The widely accepted and most well 
documented function of the  Drosophila  salivary gland is the production of a secre-
tory glue released during pupariation to fi x the freshly formed puparia to a substrate. 
Besides fulfi lling this function, which is tightly associated with the enormous pro-
duction and exocytosis of a small group of secretory glycoproteins (Sgs proteins), 
the same SGs display also massive apocrine secretion 8–10 h after puparium forma-
tion (APF). A detailed analysis of the apocrine activity provided compelling evi-
dence that this is non-vesicular transport and secretory mechanism which 
substantially differs from canonical exocytosis taking place 14–16 h prior to apo-
crine release. From the point of view of  Drosophila  fast development, this is signifi -
cant time gap between two different cellular activities. This system offers a unique 
opportunity to dissect the molecular mechanistic aspects of the apocrine transport 
and secretory machinery using specifi c genetic tools available in the fruitfl y. 
Although these obviously different cellular activities serve two very different pur-
poses, in both cases the SG behaves as a distinct and also typical exocrine organ 
capable of two independent and separated functions, one in the late larva, the sec-
ond in the late prepupa. A comparison of the secretory material and its properties 
from the exocytotic Sgs proteins and the apocrine secretion reveals the unexpected 
capabilities of this organ in reprogramming its function for two deeply different 
roles.  
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15.1       Introduction 

  The  larval salivary glands   (SGs) of the fruit fl y   Drosophila    are a single layer of 
unbranched, tubular epithelial tissue of ectodermal origin. The SG is the largest 
secretory organ in  Drosophila , and is composed of just two principal cell types: duct 
cells and secretory cells. During embryogenesis, the future larval salivary glands 
arise from a contiguous primordia on the ventral ectodermal surface of parasegment 
2 (Skaer  1993 ; Andrew et al.  1994 ; Campos-Ortega and Hartenstein  1997 ; Henderson 
and Andrew  2000 ; Bradley et al.  2001 ; Myat  2005 ; Vining et al.  2005 ; Kerman et al. 
 2006 ). Once specifi ed, salivary gland cells do not undergo further rounds of cell divi-
sion or cell death, with each lobe having approximately 130–145 large polarized 
epithelial cells specialized for secretion (Poulson  1937 ; Makino  1938 ; Sonnenblick 
 1940 ,  1950 ; Skaer  1993 ; Campos-Ortega and Hartenstein  1997 ). The absence of 
mitotic activity after the formation of the lateroventral ectodermal placodes suggests 
that the cells participating in the formation of these plates, have already been deter-
mined to become salivary gland cells. Despite the absence of cell divisions, the 
glands continue to grow, initially during the embryonic stage and mainly during 
larval development due to an increase in cell volume. This is accompanied by chro-
mosomal replication without subsequent separation of the homologues (endoredupli-
cation), and, as a consequence, the chromosomes become multistranded (polytene). 
Within individuals the gland lobes usually have an asymmetric cell number. Although 
the most frequently cited average number of gland cells per lobe is 128 (Grob  1952 ; 
Schnitter  1961 ; Hadorn and Faulhaber  1962 ; Gloor  1962 ; Berendes and Ashburner 
 1978 ; Ashburner et al.  2005 ), our own replicate observations have shown that the 
number of secretory gland is distributed about a mode of 134 cells. Only the few cells 
located at the junction between the duct and the start of the gland’s cells start to 
divide during the second instar; these will form the ring of the prospective imaginal 
gland cells. The larval duct is composed of about 55 cuboidal epithelial cells that 
form simple tubes which connect the secretory cells to the larval mouth by a Y-shaped 
tubular conduit (Berendes and Ashburner  1978 ; Abrams et al.  2003 ). Despite fact 
that all of the gland’s secretory cells appear to be identical during nearly all of the 
larvae’s life, three structurally different secretory cell subtypes - corpuscular, transi-
tional and columnar – can be recognized in the late 3rd larval instar (von Gaudecker 
 1972 ; Lane et al.  1972 ; Farkaš and Šuťáková  1998 ). 

 At about 4–6 h after the appearance of the ectodermal placodes the embryonic 
SGs display signs of secretory activity. The  lumen   of the gland contains a substance 
that readily absorbs hematoxylin and stains metachromatically with toluidine blue 
(Poulson  1950 ; Sonnenblick  1950 ). Myat and Andrew ( 2002 ) observed that this 
secretory activity of embryonic SGs is controlled by the  crb  and  hkb  genes. This 
embryonic secretion appears to be cyclic and there is good reason to believe that it 
provides for repeated excretion of luminal proteins that are required for the assem-
bly of the extracellular matrix on the apical surface during tube expansion in man-
ner similar to the tube expansion in the embryonic tracheal system (Tsarouhas et al. 
 2007 ; Jayaram et al.  2008 ; Wang et al.  2009 ; Armbruster and Luschnig  2012 ; 
Burgess et al.  2012 ). 
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 In the  fi rst instar   larva, the salivary glands are located on either side of the body, 
with both gland lobes usually confi ned to the fi rst two thoracic segments just below 
the muscles of the body wall. The gland cells are uniform in size (Fig.  15.1 ). During 
the second instar the glands continue to grow until their lobes extend into to fi rst 
abdominal segment. The cells remain uniform in size but their shape in cross section 
becomes more conical. At the beginning of the  third instar   there develops an 
anterior- posterior gradient in cell size, which is accompanied by a differential 
increase in nuclear volume, probably refl ecting a differential increase in the level of 
polyteny of the chromosomes (Bodenstein  1950 ; Berendes  1965 ; Berendes and 
Ashburner  1978 ). During larval growth, SGs are thought to produce digestive 
enzymes released into the alimentary tract (Hsu  1948 ; Gregg et al.  1990 ); however, 
for unknown reasons there has been very little attention paid to their identity and 
characteristic. Thus, the only major and unambiguously documented function of the 

  Fig. 15.1    Laser confocal microscope image of paraformaldehyde-fi xed SG. The 1st ( a ), 2nd ( b ), 
early 3rd ( c ) and late 3rd ( d ) instar larva showing the antibody-detected distribution of two cyto-
solic and cytoskeletal proteins: p127 l(2)gl  tumor suppressor ( green ) and non-muscle myosin II 
heavy chain ( red ) in ( a ), ( b ) and ( d ). In the early 3rd ( c ) instar the expression of two ecdysone- 
regulated proteins is shown: ecdysone receptor ( green ) and Broad-Complex ( red ). Blue indicates 
fi lamentous actin which concentrates predominantly on the apical membrane of the  lumen  . In 
corpuscular and  transitional cells   ( d ), the p127 l(2)gl  and myosin II proteins form a reticular network 
with numerous black vacuoles that correspond to secretory  granules  . The cytoplasm of the  colum-
nar cells   show smooth and evenly distributed pattern for the proteins. Magnifi cation of all confocal 
images 400×       
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 larval salivary glands   is to produce a large amount of mucinous glue-containing 
 secretory granules   during the second half of the last instar that, when released dur-
ing pupariation, serves to affi x the freshly formed puparia to a substrate in an upright 
position (Fraenkel  1952 ; Fraenkel and Brookes  1953 ). In anticipation of this func-
tion, at about the middle of the third instar globular, highly refractile granules appear 
in the cytoplasm of the posterior gland cells (Ross  1939 ; Painter  1945 ; Bodenstein 
 1950 ; Berendes  1965 ). The cytoplasm which was strongly basophilic during the 
fi rst and second instars, looses its basophilia when the granules appear (Lesher 
 1951a ,  b ,  1952 ). These granules, the number of which gradually increases in a pos-
terior to anterior direction, display a strong  periodic acid-Schiff (PAS)   positive reac-
tion (Lesher  1952 ; Berendes  1965 ; Poels  1970 ; von Gaudecker and Schmale  1974 ; 
Kolesnikov and Zhimulev  1975 ). These  glue    secretory granules   (Fig.  15.2 ) are pro-
duced mainly by posterior  corpuscular cells  , and to a lesser extent by  transitional 
cells  ; only the few most anteriorly positioned  columnar cells   do not normally pro-
duce any of the glue secretion (Lane et al.  1972 ; von Gaudecker  1972 ; Berendes and 
Ashburner  1978 ; Farkaš and Šuťáková  1999 ). However, even these most anterior 
columnar cells will produce such granules if the growth of the gland is allowed to 
continue  e.g . by its transplantation into an adult host (Berendes and Holt  1965 ). 
Towards the end of the last larval instar, the steroid hormone  ecdysone   is released 
into circulation and induces a complex response that leads to the initiation of meta-
morphosis. In the salivary glands, this is accompanied by a series of  polytene chro-
mosome    puffs   that refl ect a cascade of transcriptional regulation, and the secretion 
of the  glue   by  exocytosis   (Boyd and Ashburner  1977 ; Berendes and Ashburner 
 1978 ).

15.1.1         Drosophila  Salivary Glands as a Model Tissue 

 In the history of genetics, the  Drosophila  salivary glands are famous for their  poly-
tene chromosomes   (Painter  1933 ). Their analyses has led to many conceptual 
advances, including establishing the fi rst highly detailed cytogenetical maps 
(Bridges  1935 ,  1938 ,  1942 ; Bridges and Bridges  1939 ; Lindsley and Grell  1968 ; 
Lefevre  1976 ; Sorsa  1989 ; Lindsley and Zimm  1992 ), the elaboration of the elegant 
chromomere theory (Painter  1934 ; Pelling  1966 ; Beermann  1972 ), and correlating 
specifi c reversible changes in chromosomal structure (puffs)    with the transcrip-
tional activity of genes (Beermann  1952 ; Ashburner  1970 ; Pelling  1970 ). 

 Furthermore, studies using the  Drosophila  salivary glands have been at the fore-
front of research on the genetic and physiological responses to heat shock and stress 
(Ritossa  1962 ,  1963 ; Ashburner and Bonner  1979 ; Pardue et al.  1989 ) and  glue   gene 
regulation (Korge  1975 ; Giangrande et al.  1987 ,  1989 ; Lehmann  1996 ; Biyasheva 
et al.  2001 ). Detailed studies of how  puffi ng patterns   change during  sequential gene 
activation   in  polytene chromosomes   (Becker  1959 ; Ashburner  1972 ; Ashburner 
et al.  1974 ; Ashburner and Berendes  1978 ) and the molecular characterization of the 
puff-forming genes established a paradigm for understanding the mechanisms 
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underlying temporal and tissue-specifi c transcriptional control (Burtis et al.  1990 ; 
Segraves and Hogness  1990 ; Thummel  1996 ,  2002 ). Because the  larval salivary 
glands   become obsolete early in the hormonally triggered metamorphosis of the 
larvae to the adult, they are also widely used as a model system to study hormone- 
regulated  programmed cell death (PCD)  . 

 With regard to PCD, the  Drosophila  salivary glands undergo close-to- synchronous 
 histolysis   of the entire organ about 16 h after pupariation (APF) in response to an 
endogenous pulse of  ecdysone   occurring about 6 h earlier (Jiang et al.  1997 ,  2000 ; 

  Fig. 15.2    ( a ) Light micrograph of a semithick section (0.5 μm) of a salivary gland. The organ was 
Araldite-embedded and glutaraldehyde-osmium fi xed and a segment of adhering fat body ( FB ) 
from late 3rd instar larva, stained with toluidine blue-O in borax. The cytoplasm of corpuscular ( C ) 
and transitional ( T ) cells is fi lled with numerous (2500–3000 per cell) secretory  granules   of vari-
able size (0.2–4 μm). The most anterior columnar cells (H – from German Halszellen) are devoid 
of any  secretory vesicles  . Magnifi cation 250×. ( b ) Transmission electron micrograph of a 
glutaraldehyde- osmium fi xed salivary gland from late 3rd instar larva at puff stage PS2 to PS4 
showing numerous Golgi-derived electron-dense secretory granules ( SG ) fi lling the cytoplasm of 
 corpuscular cells  .  L  = indicates empty  lumen   of the gland. Magnifi cation 2500×        
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Farkaš and Šuťáková  1998 ; Farkaš and Mechler  2000 ; Baehrecke  2003 ). Only a few 
of the cellular events that occur in the  prepupal   salivary glands prior to  PCD   have 
been elucidated. Jochova et al. ( 1997 ) and later Martin and Baehrecke ( 2004 ) 
described changes in the clumping and redistribution of actin and tubulin cytoskel-
eton in the prepupal salivary glands, emphasizing that the larval and various prepu-
pal stages show differences due to the  exocytosis   of  glue   granules in the late  third 
instar   larva. However, more comprehensive laser confocal microscopy clearly 
revealed that there are multiple, dynamic changes in the salivary glands during the 
prepupal period, including changes in the distribution of vacuoles, the arrangement 
of non-actin and non-tubulin cytoskeletons, and the occurrence of noncanonical 
protein extrusion (Farkaš and Mechler  2000 ). 

 Recently, two novel and unexpected processes were described in the prepupal 
salivary  glands  . Immediately after pupariation up to about 6/7 h APF, the  Drosophila  
salivary glands undergo a very intense  vacuolation   that is associated with complex 
 endosomal traffi cking  . This is followed by the recently discovered  apocrine secre-
tion   about 8–10 h APF (Farkaš et al.  2014 ,  2015 ). To understand the function of this 
intense vacuolization and the apocrine secretion that follows it, and to gain addi-
tional insight into the overall metabolism of this tissue, SG  respiration   was mea-
sured during precisely staged late larval and prepupal and very early pupal animals. 
This revealed that changes to the animal’s basal metabolism are correlated with 
feeding, postfeeding larval activity, the period of pupariation, and increased ana-
bolic demands during the massive endosomal recycling in the early-to-mid prepupal 
period. There is a slow and gradual decline in  respiration   as the animal approaches 
pupation. Salivary glands stop their respiratory activity abruptly by completing  his-
tolysis   16 h after pupariation (Farkaš and Sláma  2015 ). 

 The  Drosophila  salivary glands provide a superb model to consider issues rele-
vant to the main topics of this volume. This chapter will be devoted to two major 
and now clearly documented excretory functions of  Drosophila  larval SGs: (i) the 
production and release of a small and unique group of so-called  glue   proteins (Sgs- 
proteins), which accumulate in numerous vesicles at the end of the larval stage and 
are secreted by classical  exocytosis  , and (ii) the remarkable and massive  apocrine 
secretion   of almost all types of cellular proteins in late  prepupae  . In both cases, the 
secretory products of SG cells are delivered to the external environment. However, 
the secretory products are released by two mutually exclusive mechanisms, and 
serve functional roles that are also quite different in principle.   

15.2     Larval Exocytotic Activity of  Drosophila  Salivary 
Glands 

15.2.1     Production, Composition and Secretion of Sgs Proteins 

 As indicated above by about the middle of the third larval instar globular and highly 
refractile granules appear in the cytoplasm of the gland’s posteriormost cells. These 
granules constitute the components of the  s alivary   g lue    s ecretion (Sgs). The Sgs 
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represents a highly special and unique extracellular composite glue matrix that has 
not been identifi ed so far outside of Cyclorrhaphous Dipterans; the majority of 
information on the composition of the Sgs that we have today comes from studies 
of it in  Drosophila melanogaster . 

 As early as in ( 1948 ) Kodani found that the  glue   can be conveniently isolated 
after its secretion into the  lumen   by fi rst fi xing the glands in ethanol or an acetic 
acid-ethanol mixture, and then dissecting and removing the gland cells from the 
solid plug of precipitated glue. It was anticipated that the Sgs secretion would con-
sist of mucinous glycoproteins (Korge  1975 ,  1977a ; Beckendorf and Kafatos  1976 ). 
These electrophoretically separate into six to eight bands. Besides the PAS-positive 
histochemical reaction seen in the granules, the presence of glycomoieties was 
deduced from noticing that radioactively labelled  14 C-glucose was incorporated into 
some of these bands (Beckendorf and Kafatos  1976 ; Korge  1977b ; Kress  1979 ; 
Engoher and Kress  1980 ). The genes corresponding to these proteins have been 
named  Sgs-1  to  Sgs-8  according to the mobility of the proteins ( salivary gland 
secretion  genes  1 – 8 ; Korge  1975 ,  1981 ). Interestingly, the electrophoretic mobility 
of the secreted proteins varies between different strains of  D. melanogaster . This 
variation is not only due to differences in glycosylation but also to allelic variation, 
that was used to genetically map the genes (Korge  1975 ). Moreover, the activity of 
a small group of interecdysial chromosomal  puffs   at the time of Sgs synthesis inde-
pendently provided a guide for linking these proteins to their corresponding genetic 
loci (Korge  1977a ,  b ; Ashburner and Berendes  1978 ; Velissariou and Ashburner 
 1980 ,  1981 ). These studies were shortly followed by the cloning of genes associated 
with each set of  puffs  : Cytological band 68C encodes the  Sgs-3 ,  Sgs-7  and  Sgs-8  
genes (Meyerowitz and Hogness  1982 ; Crowley et al.  1983 ,  1984 ; Crowley and 
Meyerowitz  1984 ; Crosby and Meyerowitz  1986 ), 3C encodes  Sgs-4  (Muskavitch 
and Hogness  1980 ,  1982 ; Chen et al.  1987 ), 95B encodes  Sgs-5  (Guild  1984 ; Guild 
and Shore  1984 ), and 25B2-3 encodes  Sgs-1  (Roth et al.  1999 ). The origin of  Sgs-2  
and  Sgs-6  remains unclear. Some authors claim that Sgs-2 and Sgs-6 fractions might 
be a cell-debris contamination associated with the secretion isolated from salivary 
gland  lumens   (Lindsley and Zimm  1992 ); there are no additional  Sgs -related genes 
in the  Drosophila  genome (Adams et al.  2000 ,  2003 ). Sequence analysis has 
revealed unique features of  Sgs -encoded proteins not previously found among 
known proteins in databases. These features have been ascribed to their secretory 
and glue-forming nature. Although strong glycosylation was expected in most of 
the Sgs proteins even before their amino-acid sequence was known, only Sgs-3 
initially showed motifs that conclusively supported the contention that it is heavily 
glycosylated (Garfi nkel et al.  1983 ). Later, detailed sequence analysis of Sgs-4 and 
Sgs-1 supported the view that they too are glycosylated (Furia et al.  1992 ; Roth 
et al.  1999 ). At the time of maximum synthesis, these Sgs proteins comprise for 
25–30 % of the total protein content of the salivary glands (Zhimulev and Kolesnikov 
 1975 ), with each salivary gland cell containing 2500–3000 individual  secretory 
granules   ranging from 0.2 to 2.5 μm in diameter (Farkaš and Šuťáková  1999 ). These 
characteristics make the larval SGs of  Drosophila  an ideal and easily accessible 
model system to study various aspects of regulated  exocytosis   in metazoans. 
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 The  Sgs  genes are coordinately activated: all of the cloned  Sgs  genes are heavily 
transcribed during the second half of the third larval instar only in the salivary 
glands (reviewed in Lehmann  1996 ) leading to the formation of dramatic  puffs   at 
their genes. These regress when the titre of the steroid hormone  ecdysone   increases 
at the end of the third larval instar (Becker  1959 ; Ashburner  1972 ; Richards  1981 ). 
Thus, this group of genes has provided an excellent opportunity to analyze the 
mechanisms that control tissue-specifi c and temporarily restricted gene expression. 
Presumably, the expression of all  Sgs  genes is controlled by the same  trans -acting 
factors, possibly by the ecdysone receptor and auxiliary proteins (Lehmann and 
Korge  1995 ).  

15.2.2     The Fate of Sgs-Secretory Granules 

  The Sgs  proteins   synthesized inside the salivary gland cells tend to form Golgi- 
derived electron-dense secretory vesicles that then fuse into larger granules (Farkaš 
and Šuťáková  1998 ,  1999 ). Several authors have studied secretory granules in  D. 
melanogaster  (von Gaudecker  1972 ; Lane et al.  1972 ; Farkaš and Šuťáková  1998 ), 
  D. pseudoobscura    (Harrod and Kastritsis  1972a ,  b ; Pasteur and Kastritsis  1973 ) and 
  D. hydei    (Berendes  1965 ; Poels et al.  1971 ) and have described several different 
 infrastructural elements   within the granules: a foamy component, a paracrystalline 
component, and a fi ne particulate or electron-opaque component (Fig.  15.3 ). It is 
reasonable to assume that these infrastructural elements represent different states of 
 granule maturation   and refl ect a level of densifi cation that may be due to the gradual 

  Fig. 15.3    ( a ) Transverse section through the interecdysially active salivary gland with a centrally 
located lumen ( L ). Note the large number of electron-dense Sgs-secretory granules ( SG ) at the 
apical pole displaying three different  infrastructures  . Magnifi cation 3000×. ( b ) Detailed view of 
three different  infrastructural elements   (densities) inside of the granule:  I . foamy component,  II . 
paracrystalline component, and  III . fi ne particulate or electron-opaque component. Magnifi cation 
18,000×. (Reprinted with the permission of the publisher)       
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dehydration of granule contents. Detailed ultrastructural analysis of the Sgs- 
secretory granules indicates that densifi cation is a continuous and permanent pro-
cess inherent to the granules or Sgs-proteins, because when two highly dense 
electron-opaque granules fuse, they form local patches of foamy or paracrystalline 
 infrastructure   at the fusion sites, often close to the vesicle membrane (von Gaudecker 
 1972 ; Lane et al.  1972 ; Farkaš and Šuťáková  1998 ). That these observations are 
possible over relatively long periods of time make the  Drosophila  SGs an excellent 
model to study the basis of regulated  exocytosis  . Its secretory products are fi rst 
synthesized and then stored for a long period (16–20 h) prior to their singular 
release, and so this model provides enough time to observe and investigate the 
molecular regulation of the process underlying their gradual maturation and release.

   Through precise counting of the number and size of granules in late 3rd instar 
larval SGs of  Drosophila , Farkaš and Šuťáková ( 1999 ) obtained clear evidence that 
the growth and maturation of Sgs-granules occurs as a continuous process through 
the gradual fusion of smaller granules. Niemeyer and Schwarz ( 2000 ) found that 
SNAP-24, a t-SNARE (soluble NSF ( N -ethylmaleimide-sensitive fusion protein)-
attachment receptor) homologue is present on the membrane of Sgs-granules, and 
that it acts to mediate granule-granule fusion. It is putatively involved also in  exo-
cytosis  ,  i.e ., mediating contact between the granule and the apical cell membranes. 
Additional key molecules in this process have also been identifi ed. During the for-
mation of Sgs-granules at the  trans -Golgi network (TGN), newly synthesized  glue 
  proteins colocalize with clathrin and the clathrin adaptor protein complex subunit γ 
(AP1γ) at the TGN membranes (Burgess et al.  2011 ). Indeed, mutations affecting 
AP1 or its localization have dramatic effects. Mutations in  AP1γ  lead to a profound 
block in secretory granule formation or maturation. The localization of the AP1γ 
subunit to the TGN in salivary glands seems to require  Gartenzwerg  ( Garz ), the 
 Drosophila  ortholog of mammalian guanine nucleotide exchange factor GBF1, 
which is essential for Golgi complex biogenesis and surface delivery of proteins 
involved in cell-cell and cell-matrix interactions. The loss of  Garz  function, in addi-
tion to collapsing the Sgs-secretory pathway, inhibits traffi cking of two  adhesion   
molecules, DE-cadherin with the associated α- and β-catenins and Flamingo, to the 
cell surface, and disrupts the localization of the tumor suppressor Discs large, 
involved in the determination of polarity via the formation of septate junctions. By 
these mechanisms, the loss of  Garz  function leads to a dramatic disorganization of 
the morphology of the salivary glands (Szul et al.  2011 ).  Drosophila  SGs mutant for 
 garz  also display dysfunctional Arf1-COPI machinery (Wang et al.  2012 ). Arf1 
(ADP-ribosylation factor 1), through assembly of a COPI coating onto membranes, 
is likely to promote the formation and maturation of Golgi elements including 
 secretory   vesicles, and thus likely to regulate anterograde transport of the secretory 
granules that are targeted for  exocytosis   (Wu et al.  2004 ; Munro  2005 ). 

 The classical approach to monitoring the release of Sgs-glue is to view the  lumen 
  of  in vitro  cultured SGs in a drop of diluted Grace’s or Schneider’s medium under a 
stereomicroscope or using phase contrast imaging under low magnifi cation (Boyd 
and Ashburner  1977 ). Alternatively, PAS-positive histochemical staining of the 
whole-mount SGs can be employed (Berendes  1965 ; Poels  1970 ; von Gaudecker 
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and Schmale  1974 ; Kolesnikov and Zhimulev  1975 ). We have routinely also used 
semi-thick sections of acrylate-resin embedded SGs metachromatically stained with 
Toluidine Blue O which strongly binds Sgs-glue (Farkaš and Sláma  1999 ). Currently, 
an easy method to view the process of granule secretion is to monitor it using a 
transgenic strain expressing  GFP  - or dsRED- fused to the Sgs-3 protein (Biyasheva 
et al.  2001 ). In these strains, the strongly fl uorescent granules inside a cell’s cyto-
plasm are gradually released into the SG  lumen   with a corresponding rapid loss of 
cell volume (Fig.  15.4 ). After the contents of the granules are released into the 
lumen by  exocytosis  , the  lumen   becomes amorphous and rehydrated. After the 
 complete or near-complete exocytosis of Sgs-granules which takes place over a 
period of about 2 h (Boyd and Ashburner  1977 ; Farkaš and Šuťáková  1998 ; 
Biyasheva et al.  2001 ), the lumen grows in volume by taking up the solute, most 
probably by active water transport from the haemolymph (Farkaš et al.  2015 ), to 
support the dilution of the  glue   in order to facilitate its later  expectoration   via the 
larval mouth. Indeed, the freshly formed puparium will become quickly  cemented 
  to the surface of a substrate after the evaporation of the water from the glue .

  Fig. 15.4     Exocytosis   of Sgs-glue proteins. They were monitored using the   GFP    -SgsΔ3  strain. 
This strain was constructed by inserting 1.8 kb of the  Sgs3  regulatory region and the N-terminal 
portion of the Sgs3 protein fused to enhanced GFP, into the pCaSpeR-4 transformation vector 
(Biyasheva et al.  2001 ). ( a ) Laser confocal image of most posterior region of the late 3rd instar 
larval salivary gland (during puff stages PS2 to PS4 corresponding to 1–3 h prior to  glue   exocyto-
sis) with cells fi lled with numerous Sgs-granules containing GFP-fused Sgs-3 protein. ( b ) During 
PS5, when exocytosis is initiated by the elevated titre of ecdysteroids, glue granules containing 
Sgs proteins are transported towards the  lumen   where they become docked to the apical cell mem-
brane via the actin cytoskeleton, highlighted by AlexaFluor 488 -conjugated phalloidin ( blue ). ( c ) 
The same region of the salivary gland with GFP-glue ( green ) released into the lumen (PS7 to PS8). 
Previously large and hexagonal salivary gland cells shrink upon massive glue exocytosis into the 
thin rim ( red ) around the lumen fi lled with secreted glue. To show this, Rab11 was detected in the 
cytoplasm of the SG cells using an anti-Rab11 polyclonal antibody and a Cy3-conjugated goat 
anti-rabbit secondary antibody       
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15.2.3        Physico-Chemical Properties of Sgs Proteins 

 Despite the initial interest in Sgs proteins during 1970s and 1980s, due to their strik-
ing characteristics as puff-encoded products, we do not have much published infor-
mation about their properties. For example, we do not know if they are present in an 
equimolar ratio inside of the secretory  granules   and inside the expectorated secre-
tory  glue  , so we cannot evaluate how their relative molar ratios are related to their 
overall function. We do not know the role of each individual protein in granule for-
mation and maturation/densifi cation, or in the subsequent hydration of the  glue   after 
it is exocytosed into the  lumen  . Since all of the  Sgs  genes have been molecularly 
characterized, some information can be gleaned from extensive  in silico  analysis of 
amino acid sequences. 

 The Sgs-1 protein is cornifi n-related and adhesin-like, and potentially a chitin- 
binding protein, with a predicted molecular weight of 134.9 kDa and an isoelectric 
point of 12.1. It has 1286 amino acids and consists 109 tandemly arranged TTTTPRS 
repeats forming the core of the polypeptide chain. Overall, it contains 600 threo-
nines representing 46.7 mole% of its total amino acid composition (for more details 
see Table  15.1 ). Remarkably, over 70 % of these threonines are predicted by several 
different methods to be  O -glycosylated. Such a dense level of glycosylation has not 
been described so far for any other protein. At the same time, the majority of the 
 tandem repeats   are predicted by both the Garnier-Osguthorpe-Robson and the 
Chou-Fasman methods as being highly hydrophilic (Fig.  15.5a ) which may refl ect 
the distribution of hydroxyl- or polar amino acids. Except for a signal peptide in the 
N-terminal region and two stretches of a few amino acid residues at the C-terminal 
end, the majority of the Sgs-1 protein is predicted to be strongly disordered, most 
probably forming a coil (Fig.  15.7a ). Only the more ordered N- and C-terminal 
regions are consistently predicted to form α-helices or β-sheets (Fig.  15.6a ). The 
Sgs-1 protein displays 57 predicted disulfi de bonds, with 40 of them having a very 
high score (between 0.8 and 1.0, where 1.0 means the highest degree of 
confi dence).

   The Sgs-3 protein, with a predicted molecular weight of 34.8 kDa and an isoelec-
tric point of 10.5, has 307 amino acids and consists of 20 tandemly arranged TTTKX 
repeats (where the most frequent X is a P) that form the core of the polypeptide 
chain. As for Sgs-1, threonine residues are the most abundant amino acid (130 resi-
dues, 46.7 mole%) and at least 45 % of them are predicted to be  O -glycosylated. 
Also as seen in Sgs-1, the  tandem repeats   in the Sgs-3 protein are predicted by both 
the Garnier-Osguthorpe-Robson and the Chou-Fasman methods to be very hydro-
philic (Fig.  15.5b ), and by  PONDR   to be strongly disordered, forming a coil as 
predicted by  PsiPred  , Predator and other algorithms (Figs.  15.6b  and  15.7b ). The 
entire Sgs-3 protein is predicted to have 28 disulfi de bonds with only two having a 
score under 0.8. Over 12 of the disulfi de bonds, however, are predicted within the 
signal peptide, and therefore these cannot contribute to the protein’s secondary 
structure and function (for more details see Table  15.1 ).
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   The Sgs-4 protein, with a predicted molecular weight 32.3 kDa and an isoelectric 
point of 9.1, has 297 amino acids. Structural parallels with Sgs-1 and Sgs-3 are 
readily apparent: 24 tandemly arranged TEPP or TKPP repeats encompass more 
than 80 % of the length of the polypeptide chain. Again, threonine is the most abun-
dant amino acid (n = 53; 17.8 mole%) with at least 73 % of the threonines predicted 

  Fig. 15.5    Predictions of hydrophobicity, hydrophilicity and secondary structure of individual Sgs 
proteins. The Bayesian type Chou-Fasman and Garnier-Osguthorpe-Robson ( GOR ) methods were 
used. These methods are based on probability parameters derived from empirical studies of known 
protein tertiary structures solved by X-ray crystallography. In addition, the GOR algorithm takes 
into account not only the propensities of individual amino acids to form particular secondary struc-
tures, but also the conditional probability of the amino acid to form a secondary structure given that 
its immediate neighbors have already formed that structure. ( a ) Sgs-1, ( b ) Sgs-3, ( c ) Sgs-4, ( d ) 
Sgs-5, ( e ) Sgs-7, and ( f ) Sgs-8       
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to be  O -glycosylated. Interestingly, Sgs-4 has also three  N -glycosylable aspara-
gines. As for Sgs-1 and Sgs-3, the  tandem repeats   of the Sgs-4 protein are predicted 
by both the Garnier-Osguthorpe-Robson and the Chou-Fasman methods to be very 
hydrophilic (Fig.  15.5c ). In contrast to those proteins, however, Sgs-4 is less 
 intrinsically disordered, containing two centrally and two C-terminally located 
short ordered regions (Fig.  15.7c ). Out of 22 cysteins, at least eight are predicted to 
form disulfi de bonds. Except for the signal peptide, there are no predicted α-helices 
or β-sheets (Fig.  15.6c ). For more details see Table  15.1 . 

 In constrast to Sgs-1, -2, -3, and -4, the Sgs-5 protein, with 161 amino acids, a 
predicted molecular weight of 18.6 kDa and an isoelectric point of 7.8, lacks any 
clearly identifi able  tandem repeats  . Threonine is far less abundant than in the previ-
ously discussed Sgs proteins (3.1 mol%). By contrast, Sgs-5 is rich in glutamic acid, 
leucine and serine (for more details see Table  15.1 ). The Garnier-Osguthorpe- 
Robson and the Chou-Fasman algorithms predict only a few hydrophilic and a few 
hydrophobic regions (Fig.  15.5d ) and there appears to be just single   N -glycosylation   
and a single   O -glycosylation   sites. Except for two regions, between amino acids 30 
and 45, and between amino acids 75 and 95, which are intrinsically disordered, the 
majority of the Sgs-5 protein is highly ordered, containing fi ve α-helices and four 
β-sheets (Figs.  15.6d  and  15.7d ). The Sgs-5 protein displays 12 predicted disulfi de 
bonds, with eight of them having a very high score (between 0.8 and 1.0).

   The Sgs-7 protein, with 74 amino acids, a predicted molecular weight of 7.9 kDa 
and an isoelectric point of 7.9, is also unlike Sgs-1, -2, -3, and -4 nonglycosylated and 
lacks their typical  tandem repeats  . The most abundant amino acids are cysteine, iso-
leucine, leucine and glutamine (for more details see Table  15.1 ). The Garnier-
Osguthorpe-Robson and the Chou-Fasman algorithms predict only a few hydrophilic 
sites inside the core region and a few hydrophobic sites, the majority of which over-
lap with the N-terminal signal peptide (Fig.  15.5e ). It lacks expected glycosylation 
sites, and surprisingly no disulfi de bonds are predicted despite the presence of 
numerous cysteines. However, the potential for an unusual pattern of disulfi de bond-
ing deserves more investigation. The entire Sgs-7 protein is predicted to be strongly 
ordered with two long α-helices fl anking a single β-sheet (Figs.  15.6e  and  15.7e ). 

 The Sgs-8 protein is highly related to Sgs-7, with a predicted molecular weight 
of 7.8 kDa and an acidic isoelectric point of 4.8. It has 74 amino acids without any 
typical  tandem repeats  . The most abundant amino acids are cysteine, glycine, valine 
and leucine (for more details see Table  15.1 ). The Garnier-Osguthorpe-Robson and 
the Chou-Fasman algorithms predict only few hydrophilic sites inside the core 
region and a few hydrophobic sites, the majority of which overlap with the 
N-terminal signal peptide (Fig.  15.5f ). There are no glycosylation sites. In contrast 
to Sgs-7, however, the Sgs-8 protein is predicted with high confi dence to have eight 
disulfi de forming cysteines. Similar to Sgs-7, the Sgs-8 protein is strongly ordered 
harboring two long α-helices (Figs.  15.6f  and  15.7f ). 

  Posttranslational modifi cation   of individual Sgs proteins may have substantial 
effects on their properties and function. Different levels of glycosylation can have a 
signifi cant effect on the fi nal molecular weight and pI of a protein, and thus, its 
electrophoretic mobility may be quite different from that predicted, and several 
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  Fig. 15.6    Secondary structure of Sgs proteins predicted by  PsiPred   algorithm employing neural 
network and machine learning methods which use the information of the evolutionarily related 
proteins (McGuffi n et al.  2000 ). ( a ) Sgs-1, ( b ) Sgs-3, ( c ) Sgs-4, ( d ) Sgs-5, ( e ) Sgs-7, and ( f ) Sgs-8. 
For clarity, in the case of Sgs-1 ( a ) only the N-terminal and C-terminal portions of the entire 
sequence are shown because the central core region contain 109 tandemly repeated stretches of 
TTTTPRS that fail to form either α-helices or β-sheets. Legend:  magenta cylin  der  = α- helix  ,     yellow 
arrow  = β-sheet,  black line  = coil,  blue oblonger bars  above secondary structures represents 
confi dence of prediction       
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variants may be displayed. This issue deserves to be explored experimentally in 
more detail in the future. It will provide substantial insight into how individual Sgs 
proteins function as well as how the entire complex achieves its sticky properties. 
Currently, we can hypothesize that the glycosylated amino acid residues are likely 
to serve in at least three different functions: [1] Glycomoieties aid in protein folding 
and maturation; the nascent unmodifi ed Sgs polypeptide would otherwise prefer a 
strongly disordered structure [2] Glycomoieties serve in hydration; they can be 
more easily dehydrated during  granule densifi cation   than residues on a native pro-
tein, and vice versa, they can be more easily rehydrated after  exocytosis  . [3] 
Glycomoieties serve functional roles subsequent to exocytosis; a high level of gly-
cosylation will serve to lubricate proteins allowing for more effi cient transport via 
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  Fig. 15.7    Analysis of ordered/disordered regions in the Sgs proteins by the  PONDR   protocol 
which utilizes feedforward neural networks that use sequence information from windows of 21 
amino acids (Romero et al.  1997 ,  2001 ). If a residue value exceeds a threshold of 0.5, the residue 
is considered disordered. ( a ) Sgs-1, ( b ) Sgs-3, ( c ) Sgs-4, ( d ) Sgs-5, ( e ) Sgs-7, and ( f ) Sgs-8       
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the gland  lumen   and mouth and so facilitate  expectoration  , and perhaps also facili-
tate  adhesion   to both the surface of the chitinous puparium and the attached 
substrate.

15.2.4        Speculation on the Role of Sgs Proteins 

 From the predictions of various aspects of their secondary structures it is clear that 
the smaller and inherently ordered Sgs proteins are either not glycosylated or con-
siderably less glycosylated than the larger and structurally disordered Sgs proteins 
that are quite heavily glycosylated. This identifi es a specifi c paradox concerning the 
Sgs-proteins: the degree of order and disorder in the polypeptide chain is related to 
how much it is glycosylated. In addition, it appears that the structurally disordered, 
larger Sgs proteins also have more cysteines predicted to form disulfi de bonds. We 
hypothesize that the higher level of glycosylation and disulfi de bonding aids in 
reducing the inherently disordered state of the larger Sgs proteins since they lack 
α-helices and β-sheets, and that this may be required for secretory  granule   matura-
tion and potentially, for fulfi lling their function as  glue   proteins. In this context it 
seems logical to propose that the small nonglycosylated Sgs proteins like Sgs-7 and 
Sgs-8 or Sgs-5 have a higher likelihood to stably maintain their secondary structures 
as they proceed through the different conditions associated with granule formation, 
fusion, maturation, exocytosis, rehydration, and fi nally,  expectoration  . If this is the 
case, the higher ratio of  α-helices   and  β-sheets   in each of the small Sgs proteins, 
when compared to the highly glycosylated Sgs-1, Sgs-3 and Sgs-4 proteins, might 
allow them to serve as pivotal initiators or promotors of the densifi cation process. 
On the other hand, the larger and highly glycosylated Sgs proteins are more likely 
to facilitate rehydration after  exocytosis   and the maintenance of lubrication during 
the process of expectoration and the  cementing   of the  prepupa   to the substrate. 

 It is not a rule of thumb that intrinsically disordered regions are typically involved 
in regulation, signaling and control pathways in which interactions with multiple 
partners and high-specifi city/low-affi nity interactions are expected (Dyson and 
Wright  2005 ; Bardwell and Jakob  2012 ; Mittal et al.  2013 ). It should be noted, 
however, that intrinsically disordered proteins or regions exist as dynamic ensem-
bles in which the atom positions and the backbone Ramachandran angles vary sig-
nifi cantly over time with no specifi c equilibrium values and typically involve 
non-cooperative conformational changes (Gunasekaran et al.  2004 ; Uversky et al. 
 2008 ). Such disorder may serve to provide a functional advantage by enhancing 
binding plasticity or allosteric coupling. Several studies showed that the conforma-
tional entropy conferred by disordered regions decreases the propensity of proteins 
to self-aggregate (Dyson and Wright  2005 ; Japrung et al.  2013 ). Thus, mutual inter-
actions that can be anticipated between the inherently ordered and disordered Sgs- 
proteins can serve to prevent an unwanted aggregation process within the densely 
packed secretory  granules   or even after  exocytosis   before the  glue   is programmed 
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to solidify. Presumably, the mutual interactions between the two fundamentally dif-
ferent types of Sgs proteins may serve in regulating when the glue will set.  

15.2.5     Evolution of Sgs Proteins 

   Applying   both of the BLAST and  FASTA   algorithms to  D. melanogaster  Sgs pro-
tein sequences revealed that these proteins are not present in the genomes of all 
 Drosophila  species sequenced to date (Adams et al.  2000 ; Misra et al.  2002 ; 
Kaminker et al.  2002 ; Celniker and Rubin  2003 ; Stark et al.  2007 ; Pfeiffer et al. 
 2010 ). Moreover, there are also species-specifi c differences in the distribution or 
occurrence of individual Sgs proteins. The Sgs-1 protein which is responsible for 
interecdysial  puff   25 AC in  D. melanogaster  was unambiguously found only in   D. 
sechelia   . The most widespread Sgs proteins found among other  Drosophila  species 
are proteins related to those produced by the  Sgs-5  and  Sgs-7  genes which were 
found in the same nine non- melanogaster  species (  D. simulans   ,  D. sechelia ,   D. 
yakuba   ,   D. ananassae   ,   D. persimilis   ,   D. pseudoobscura   ,   D. erecta   ,   D. virilis   ,   D. 
mojavensis   ). The  orthologues   of  Sgs-8  were found in eight non- melanogaster  spe-
cies ( D. simulans ,  D. sechelia ,  D. yakuba ,  D. erecta ,  D. ananassae ,  D. virilis ,  D. 
persimilis , and  D. pseudoobscura ), the orthologues of  Sgs-3  were found in six spe-
cies ( D. simulans ,  D. yakuba ,  D. ananassae ,   D. pseudoobscura   ,   D. sechelia   ,  D. 
erecta ), and fi nally, the orthologues of  Sgs-4  were found in fi ve non- melanogaster  
species (  D. simulans   ,   D. yakuba   ,  D. erecta ,  D. mojavensis , and  D. virilis ). Thus, 
only  D. sechelia  has all six of the Sgs proteins found in  D. melanogaster , while  D. 
simulans  has 5 of them (all except Sgs-1). Present in   D. mojavensis    are only  Sgs-4 , 
 Sgs-5  and the nonglycosylated  Sgs-7 . In summary, only those species belonging to 
 melanogaster  subgroup ( D. simulans ,  D. sechelia ,  D. yakuba ,   D. erecta   , and  D. 
melanogaster ) have all six or at least fi ve Sgs proteins, whereas   D. ananassae  
  ( melanogaster  group),   D. pseudoobscura    ( obscura  group), and   D. virilis   , ( virilis  
group) have four Sgs proteins. Finally,   D. persimilis    ( obscura  group) and   D. moja-
vensis    ( repleta  group) have only three Sgs proteins; Sgs-1 and Sgs-3 are absent in 
both, while Sgs-4 and Sgs-8 are missing in   D. persimilis    and  D. mojavensis , 
respectively 

 In other species, the sequence data is either missing, or if it is available, neither 
BLAST nor  FASTA   searches, unless done under low stringency, identify positive 
hits. The majority of false positives are clearly not  orthologues   but sequences  having 
only partial similarity (under 40 %) or identity (under 30 %). Nonetheless, we have 
made some experimental observations on morphological features found in the late 
 larval salivary glands   in few additional species. From these unpublished data, it is 
clear that species such as   D. willistoni   ,   D. atripex   ,   D. mauritiana    and   D. parabipec-
tinata    show a reticulate network of cytoskeletal components indicating the presence 
of Sgs-like granules in the cytoplasm of SGs of late 3rd instar feeding and wander-
ing larvae (Farkaš et al. unpublished observations). This indicates the potential 
presence of Sgs  orthologues   in these additional species. Detection of Sgs-like secre-
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tory  granules   in some species, for example,  D. willistoni  and  D. mauritiana  is sur-
prising because under obligatory or natural conditions, the larvae prefer to pupariate 
on the surface of or inside their food. It is notwithstanding that after small pieces of 
leporello or accordion-folded fi lter paper were inserted into the food, more than 
70 % of the larvae choose to climb out of the food and pupariate on the fi lter paper. 
Thus, these species are able to display a shift from sitter to rover larval behaviour 
(Farkaš et al., unpublished observations). It may be that in these species the use of 
a Sgs-based  glue   is facultative and not obligatory, so that its production depends on 
the surrounding habitat or type of material provided inside the culture. Interestingly, 
also we observed a similar facultative pupariation behaviour in   D. simulans   , a very 
close relative of  D. melanogaster , in which fi ve out of six Sgs proteins were identi-
fi ed (all except Sgs-1). Thus, we were surprised that BLAST and  FASTA   searches 
failed to identify any  orthologue   in   D. willistoni   . It may be that the evolutionary 
distance of 35–37 MYA that separates between  D. melanogaster  and  D. willistoni  
(Garfi nkel et al.  1983 ; Meyerowitz and Martin  1984 ; Parsons  1978 ,  1981 ,  1994 ; 
Barker et al.  1990 ; Korol et al.  2006 ) is suffi cient for the  Sgs  genes to acquire a level 
of sequence divergence which prevents the identifi cation of  orthologues  . 

 Certainly, there are several alternative explanations for these data. Still, one con-
clusions that can currently be made is that evolutionary older species such as   D. 
mojavensis    and   D. persimilis    have fewer  Sgs  genes, primarily  Sgs-5  and  Sgs-7 , 
while more recently-evolved species such as representatives of  melanogaster  sub-
group (  D. simulans   ,   D. sechelia   ,   D. yakuba   ,   D. erecta   , and  D. melanogaster ) have 
fi ve or six  Sgs  genes. Thus, those Sgs proteins that are more structurally ordered are 
either not or less glycosylated, such as Sgs-5, Sgs-7 and Sgs-8 appear to be older, 
while those genes encoding unordered but heavily glycosylated proteins like Sgs-1 
or Sgs-3, were acquired during evolution more recently. Currently, it would be very 
speculative to state which of the genes are ancestral for the less ordered and heavily 
glycosylated Sgs proteins. The high number of short  tandem repeats  , however, indi-
cates that their internal disordered structure could evolve relatively quickly by 
repeated duplication of a simple tandem motif. Although the information presented 
thus far does not let us draw a clear or unambiguous conclusion about the evolution-
ary or habitat-prone adaptation associated with the function and expression of each 
particular Sgs protein, it is evident that as a group of excretory products with a 
highly specifi ed function ( glue),   they appear to be fl exible in their adaptation to 
environmental and habitat factors. The evolution of the Sgs proteins will therefore 
serve as a very useful model to study the evolution of  Drosophila  species in the 
context of habitat adaptation. Further investigations along these lines in more 
 species from more diverse habitats will be necessary to gain deeper insights about 
the role of environment and evolution in the composition of the Sgs-glue, as well as 
the expression and the sequence variability of individual Sgs proteins. 

 According to many classical papers, the Sgs-glue proteins were considered to be 
 mucins   (Korge  1975 ,  1977a ,  b ; Beckendorf and Kafatos  1976 ; Kress  1979 ; Engoher 
and Kress  1980 ). According to currently accepted criteria, however, mucins are 
characterized by poorly conserved repeated sequences that are rich in prolines and 
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potentially glycosylated threonines and serines (PTS). If among the Sgs proteins in 
 D. melanogaster , only Sgs-1 and Sgs-3 meet these stipulations (Syed et al.  2008 ), 
thus only about a third of  glue   proteins are true  mucins  . In the light of this conclu-
sion the  Drosophila  glue system provides a challenging opportunity to understand 
the coevolution of proteins having considerably different structural features that 
nonetheless interact to form components of the same extracellular matrix .   

15.3     Apocrine Secretion by  Drosophila  SGs 

   Drosophila   SGs   have been a model organ for many genetic, cytological and devel-
opmental studies, including those mentioned above. However, for a long period of 
time, their only well-characterized and consequently the major function associated 
with them was the production of the Sgs  glue   during the second half of the last lar-
val instar. When released by  exocytosis   during pupariation, this serves to affi x the 
freshly formed puparia to a substrate (Fraenkel and Brookes  1953 ). Because of their 
large cell size and otherwise excellent suitability to study processes underlying  pro-
grammed cell death (PCD)  , the SGs have become also the tissue of choice for inves-
tigating developmentally-linked and hormonally-triggered PCD. Indeed, it was 
during a set of experiments on PCD in  Drosophila  in our laboratory that we discov-
ered that the doomed  larval salivary glands   release additional proteins, distinct from 
and well after their secretion of Sgs-glue, by an unusual extrusion process during 
the late prepupal period (Farkaš and Mechler  2000 ). Later we showed that this hith-
erto neglected protein extrusion process, which takes place just 6–4 h prior to the 
execution of  PCD  , occurs via a typical apocrine mechanism (Farkaš et al.  2014 ). 
Not only it was the fi rst description of apocrine secretion in  Drosophila , but the rich 
array of methods and molecular-genetic tools available in the fruitfl y offer an out-
standing opportunity to dissect the mechanism of this process and identify the genes 
regulating it. Below, are summarized the complex light and electron microscopical 
evidence for the apocrine process in the prepupal salivary  glands  , with a description 
of its dynamics and characterization of the secreted proteins that provide a founda-
tion on which to achieve this long-term goal. 

 The main signifi cance of fi nding an apocrine process in the SGs, especially late 
in their life and after their  glue   has been secreted, lies in the fact that the only type 
of widespread and well-known secretory process is  exocytosis  . This intensely stud-
ied mechanism has identifi ed many dozens of factors and their encoding genes 
(Jahn  2004 ; Südhof  2004 ; Chieregatti and Meldolesi  2005 ; Südhof and Rothman 
 2009 ; Blank  2011 ; Porat-Shliom et al.  2013 ).  Exocytosis   or merocrine secretion is 
the process regulating the specifi c membrane contact, priming and fusion events 
required for the selective release of compartmentalized compounds such as signal-
ing molecules (antibodies, neurotransmitters, cytokines, morphogens, growth fac-
tors, chemokines, hormones, etc.). It became widely accepted that the initial phase 
of the exocytotic secretory pathway involves the formation of vesicles in the  trans - 
Golgi, then targeted translocation of these vesicles to specifi c sites on the plasma 
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membrane, the preparation of these docked vesicles for full fusion competence 
(priming), and the subsequent triggered fusion of these membranes, resulting in 
their coalescence and the release of vesicular contents to the extracellular space. A 
complex composed of the three major membrane proteins, NSF, SNAP, and SNARE, 
each representing a small protein family conserved from yeast to humans, has 
emerged as key player in exocytosis (Malsam et al.  2008 ; Saraste et al.  2009 ; Walter 
et al.  2010 ). The role of the hexameric ATPase NSF ( N -ethylmaleimide-sensitive 
fusion protein) is to put energy into the system. Members of the SNAP (soluble 
NSF-attachment protein) family appear to function as adaptors between NSF and 
the third type of protein in the complex, the SNAREs (SNAP receptors). SNARE 
proteins are found on both the target membrane (t-SNAREs) and the secretory ves-
icle (v-SNAREs), and are therefore assumed to be the major “targeting” compo-
nents of the process (Shen et al.  2007 ; Maximov et al.  2009 ; Kasai et al.  2012 ). 

 In addition to  exocytosis  , which takes place by targeted fusion of  secretory ves-
icles   with the plasma membrane, there exist two additional types of noncanonical 
secretion: apocrine and holocrine secretion. During these processes, entire portions 
of the cell are released and homotypic membrane fusion is not required. In the apo-
crine mechanism, a glandular cell loses a portion of its cytoplasm and is then com-
pletely or partially renewed. In the case of holocrine secretion, the material is 
released into the gland  lumen   upon cell death and the dissolution of the cellular 
structure. In contrast to  exocytosis  , no protein components, factors or genes affect-
ing apocrine and/or holocrine secretion have yet been identifi ed, and thus the mech-
anisms underlying these processes remain enigmatic. However, fi nding that apocrine 
secretion occurs in the  Drosophila  salivary glands, several hours after the  exocyto-
sis   of Sgs  glue   is completed, provides a mean to reappraise our understanding of 
apocrine secretion. Insights made using of this wonderful molecular genetic model 
organism, provide a glimmer of hope for elucidating the mechanistic aspects of this 
fundamental, and so far, almost uncharacterized process. 

15.3.1     Identifi cation of Apocrine Secretion 
in the Prepupal SGs 

  As  we   described more fully elsewhere (Farkaš et al.  2014 ,  2015 ), during the fi rst 
hours after pupariation and glue  expectoration  , the salivary gland cells become  vac-
uolized   by enormous amounts of  endocytosis   (Fig.  15.8a ). Within 6–7 h after pupar-
ium formation (APF), the vacuoles are consolidated by continued  endosomal 
traffi cking   towards the ER and Golgi (Fig.  15.8b ). Surprisingly however, many dif-
ferent types of proteins detectable using specifi c antibodies, are released into the 
centrally located gland  lumen   during the 8th hour of prepupal development, a pro-
cess that continues for the next ~2 h (Fig.  15.8c ). Using a panel of antibodies indi-
cates that there is a differential release of different proteins over time, depending on 
the phase of the secretion and the type of protein secreted. For example, even though 
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non-muscle myosin II and β-tubulin are being released into the  lumen   during the 
fi rst hour of the secretory process, there is a strong accumulation of unsecreted fi la-
mentous actin at the apical membrane. Similarly, proteins such as cytoplasmic 
α-catenin and nuclear Smrter, the EcR-coupled transcriptional corepressor, are 
released almost completely during the fi rst hour of secretion, but the transcription 
factor BR-C remains localized in nuclei during this time. When the lumen is at its 
widest during the more advanced phase of the protein extrusion (9th h APF), the 
 lumen   becomes fi lled with ecdysone-regulated transcription factor BR-C while 
cytosolic Rop is still retained in the cytoplasm. By this time, the nuclear histone 
deacetylase Rpd3 along with myosin II are both present in the lumen. During the 
tenth hour APF, any remaining nuclear receptor EcR and the ribosomal protein P21 
as well as fi lamentous actin are all released into  lumen  . As a consequence of this 
massive extrusion by the end of the tenth hour APF, the signal of many intracellular 
proteins, as detected by antibodies, becomes weaker or undetectable. However, at 
11 h APF some of the proteins once again can be detected, at least in modest 
amounts, at their original sites. This indicates either that the entire pool of cell pro-
teinaceous components is not released, or alternatively, that at least some proteins 
are quickly replaced by new protein synthesis. In summary, this massive protein 
secretion corresponds with the relocation of measurable fl uorescence signal from 
the salivary gland cells to the extracellular gland  lumen  .

   Since light microscopy found no indication for the involvement of  secretory 
vesicles   in this secretion, and there were no fl uorescently-detectable increases in 
Golgi zone areas or other exocytosis-associated activity, transmission electron 
microscopy ( TEM)   was used to verify that this massive protein extrusion was not 
being achieved by  exocytosis  . Not only did the TEM images of the extrusion pro-

  Fig. 15.8    The time course of the major developmental events in the prepupal salivary glands. 
They are illustrated by staining with antibodies to highlight appropriate structures. ( a ) About +2 h 
APF, the salivary gland cells become highly vacuolized by membrane recycling due to massive 
 endocytosis  , a consequence of  exocytosis  ; BR-C ( red ), p127 l(2)gl  ( green ) and fi lamentous actin 
( blue ). ( b ) The process of vacuolization and membrane recycling is consolidated by +7 h APF, 
shortly prior to the next secretion; BR-C ( green ), p127 l(2)gl  ( red ) and fi lamentous actin ( blue ). ( c ) 
At +8 h APF, the salivary glands are showing an early phase of release of myosin II, p127 l(2)gl  and 
fi lamentous actin into the centrally located  lumen  .  fb  piece of adherent fat body. All confocal 
images 400×. (Reprinted with the permission of the publisher)       
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cess in 8–10 h old prepupal glands confi rm that proteins are not released by exocy-
tosis during this period, but they also revealed typical attributes of apocrine secretion, 
which entails the loss of part of the cytoplasm. TEM images revealed also apical 
protrusions and cytoplasmic fragments inside the  lumen   of the glands. These cyto-
plasmic fragments contain various types of electron-dense material, including small 
pieces of membranes, free ribosomes, mitochondria,  endoplasmic reticulum  , and a 
plethora of amorphous structures (Fig.  15.9a–d ). At the very earliest phase of apo-
crine secretion, during the eighth hour APF, the salivary gland cells show prominent 
and numerous microvilli and their  lumen   is fi lled with an “uncertain” whorling 
membranous-like (Fig.  15.9d ) or electron-lucent fi lament-like material (Fig.  15.9e ). 
Slightly later, while the apical surface of the cells still contains plenty of microvilli, 
the material inside the  lumen   becomes electron dense and almost evenly distributed, 
consisting of many small pieces of the cytoplasm (Fig.  15.9f ). At the mid phase of 
apocrine secretion (9 h APF), microvilli are still present though less abundant, while 
larger pieces of more electron dense and compacted material start to appear in the 
lumen (Fig.  15.9g ). At the later stages of secretion, the microvilli are almost absent 
and the luminal material becomes fl occulent. It is electron-dense, irregularly scat-
tered in the lumen in the form of larger pieces, some of which clearly contains 
structured cytoplasmic materials including ER, Golgi or mitochondria, etc. (Fig. 
 15.9h ). Because the process of pinching-off, constriction and decapitation of the 
stalk of the apical protrusions was not clearly recognizable in 8–10 h prepupal sali-
vary glands using  TEM  , we assessed this possibility using scanning electron micros-
copy ( SEM)  . The presence of numerous aposome-like structures on the apical 
membrane surface of the gland lumen was identifi ed. Some of these aposome-like 
structures displayed constrictions and features consistent with the decapitation of 
the stalk of an  aposome   (Fig.  15.10a, b ). Thus, a combination of light, TEM and 
SEM methods certify that the massive protein secretion in 8–10 h prepupal SGs of 
 Drosophila  occurs via an apocrine process .

15.3.2         Further Characteristics of Apocrine Secretion 
in  Drosophila  SGs 

 Our initial observations indicated that prepupal salivary  gland   undergoing apocrine 
secretion release various kinds of proteins, and therefore, a fundamental question 
rose as to what kind or categories of proteins the glands release and whether the 
secreted material contains any specifi c proteins that could help shed light on the 
process’ physiological signifi cance. To address this question, we used two different 
approaches to characterize the protein composition of the secretion: immunohisto-
chemical detection at the light microscope level and top-down proteomic identifi ca-
tion of components present in the secretion. For the former, a panel of antibodies 
available in our laboratory or antibodies that were readily available from colleagues 
was used. We also randomly selected several  LacZ  - and GFP-protein trap transgenic 
fl y stocks available in  Drosophila  research community, known to be expressed either 
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  Fig. 15.9    Transmission electron microscopy of an apocrine process in 8–10 h old  prepupal SGs  . 
( a )  Prima vista  evidence of apocrine secretion is documented by apical protrusions ( arrows ) and 
numerous cytoplasmic fragments ( arrowheads ) inside the lumen of the salivary glands from a +9 
h APF animal; 2700×. Higher magnifi cation views ( b  and  c ) of the apocrine process showing 
details of electron-dense material ( arrows ) released from the apical surface ( arrowheads ) of 9-h 
old prepupal SG cells; 8000× and 10,000×, respectively. However, at the very early phases of apo-
crine secretion, +8 h APF, the SG cells show prominent and numerous microvilli ( m ) and the lumen 
is fi lled with “uncertain” whorled membraneous-like ( arrows ) ( d ) or electron-translucent fi lament- 
like material ( e ); both 2700×. Slightly later (+8.5 h APF), the apical surface of the cells still contains 
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ubiquitously or strongly in the salivary glands, and assessed whether LacZ or  GFP 
  signal was present in the SG lumen of 8–10 h old  prepupae  . For the proteomic analy-
sis, multiple samples each containing the secretion released into the  lumen   of prepu-
pal glands from several hundreds gland pairs were collected. The pooled samples, 
whether separated by 1-dimensional electrophoresis or not, were reduced, alkylated, 
trypsin-digested, chromatographically separated and their proteins identifi ed by 
 MALDI-TOF/TOF   or  ESI-MS/MS   mass spectrometry. The initial analysis by this 
approach identifi ed 279 proteins (Farkaš et al.  2014 ). By pursuing this proteomic 

  Fig. 15.10    Scanning electron micrographs of the apocrine process in the 9 h old  prepupal SG  . The 
gland, dissected under the stereomicroscope and having a  lumen   evidently fi lled with material, was 
fi xed and processed to critical point drying, after which it was broken up to expose the inferior 
portion that included the luminal surface, and then sputter coated. The image reveals ( a ) numerous 
aposome-like spheres ( arrows ) and various material-bearing structures on the surface of apical 
membrane (10,000× ). In addition, at higher magnifi cation ( b ), some of these spheroid structures 
( arrows ) displayed constrictions and show a decapitation of the  aposome’s   stalk ( arrowheads ) 
(20,000× ). (Reprinted with the permission of the publisher)       

Fig. 15.9 (continued) numerous microvilli ( m ), but the material inside the lumen becomes elec-
tron dense and almost evenly distributed ( arrows ), consisting of many small pieces ( f ); 4000×. At 
the mid-phase of apocrine secretion (+9 h APF), microvilli ( m ) are less abundant ( arrows ), and 
larger pieces and more electron dense material ( arrowheads ) start to appear in the  lumen   ( g ); 
6700×. At later stages of apocrine secretion (+10 h APF), the microvilli are absent and the luminal 
material becomes fl occulent; it stays electron-dense, and larger pieces of material ( arrows ) are 
irregularly scattered in the lumen. Some of these clearly contain structured material of the cyto-
plasm including ER, Golgi ( G ), mitochondria ( M ) or multivesiculated elements ( MVE ) ( h ,  i ,  j ); 
2700×, 8000× and 14,000×, respectively.  L  in all images means lumen. (Reprinted with the permis-
sion of the publisher)       

 

15 The Complex Secretions of the Salivary Glands of Drosophila melanogaster…



582

approach we found over 1000 proteins in the secretion from all sorts of categories 
including cytoskeletal proteins, cytoplasmic/cytosolic proteins, signaling molecules, 
membrane components, ER, mitochondria, Golgi and other  organellar   proteins, 
nuclear or chromosomal proteins including transcription factors and chromatin 
remodeling proteins, and even nucleolar proteins (Farkaš et al.  2014 ). Their  ontologi-
cal   distribution shows that they include 41.2 % cytosolic proteins, 11.2 % ER chaper-
ones + Golgi proteins, 6.9 % mitochondrial proteins, 15.9 % membrane proteins, and 
11.6 % chromosomal, nucleolar and RNA/DNA binding/editing/modifying proteins 
(Fig.  15.11a ). They also refl ect a very wide range of biological processes: 11.7 % are 
transport and secretory proteins, 17 % are cytoskeletal proteins, 8.3 % are involved in 
signaling, 25.2 % are involved in basal metabolism, 7.3 % are nuclear proteins and 
transcription factors, 12.6 % are involved in protein synthesis and modifi cation, 2.9 % 
are involved in storage, and 6.3 % have unknown functions (Fig.  15.11b ). In addition, 
they also represent many cellular/molecular functions:  e.g . enzymes 38 %, proteins 
associated with development 12 %, DNA and RNA binding proteins 10 %, cytoskel-
etal proteins 9 %, transport proteins 8 %  etc . (Fig.  15.11c ). Thus, the apocrine secre-
tion is not selective for different protein categories.

  Fig. 15.11     Ontological   classifi cation of proteins released via apocrine secretion. The proteins 
were detected by a combination of immunohistochemistry,  GFP  -/EYFP-/RFP-fusions fl uores-
cence, chromogenic staining of  LacZ  -insertions and mass spectrometry. The pies show ( a ) catego-
ries of proteins according to  subcellular   localization, ( b ) distribution by biological process, and ( c ) 
distribution by cellular/molecular function. (Reprinted with the permission of the publisher)       
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   Nonetheless, our fi nding that some proteins in the  Drosophila  salivary glands are 
released by apocrine secretion earlier, while other proteins are released later, docu-
ments that this is not a random, but rather a highly regulated process. This also 
opens up a potentially new area for further research. We cannot unambiguously 
infer what categorical features of proteins determine their earlier versus later release. 
From an ultrastructural perspective, the early phases of secretion seem to be associ-
ated with the extrusion of more soluble proteins, whereas larger pieces of cyto-
plasm, which are harder to solubilize, are released at later stages. However, even at 
very early phases we documented release of larger pieces of the cytoplasm. Most 
likely, it is easier to detect the occurrence of such “less soluble” material at later 
stages because the released materials are being accumulated in the  lumen   over a 
secretory phase that lasts 2 h, which increases the chances for the detection of larger 
pieces (Farkaš et al.  2014 ). When we investigated the order of protein secretion dur-
ing this two-hour time window using antibody staining, we found that it was highly 
reproducible in its regularity. To shed more light on the molecular mechanism that 
controls this gradual release of proteins, it will be helpful to identify the time-course 
of the secretion of individual proteins, using both microscopical as well as mass 
spectrometric approaches. 

 The temporal profi le of the cytoplasmic accumulation of glue-containing gran-
ules, described above, demonstrates that the  larval salivary glands   are chiefl y involved 
in the production and secretion of Sgs-glue. However, the typical exocytotic secre-
tion that accomplishes this function is temporarily separated from the later apocrine 
secretion in the  Drosophila  salivary glands by a 14–16 h period. Although this inter-
val may appear to be a relatively short time in the vertebrate world, it is a period of 
rapid and dramatic change in this insect. In response to a metamorphic pulse of 
ecdysterone, the relatively mobile and actively feeding larva stops feeding, enters a 
short wandering stage, become motionless, pupariates and then enters the early pupal 
stage where larval tissues initiate programmed  histolysis   and imaginal discs initiate 
metamorphosis. In this short interval, the larva undergoes dramatic morphogenetic 
changes that are associated with numerous and complex biochemical and cellular 
events. Therefore, the 14–16 h period between  exocytosis   and apocrine secretion can 
be considered as a substantial time interval. It is signifi cant that the very same cells 
exercise these two apparently separate and independent processes. To answer the 
question of whether these two processes are truly separate and independent, the 
immense potential of  Drosophila  model system can be used for molecular genetic 
dissection of exocytosis  vs . the apocrine secretion.  

15.3.3     Postapocrine Fate of  Drosophila  SGs 

 As mentioned above, the apocrine secretion in the prepupal salivary  glands   takes 
place just a few hours prior to  programmed cell death (PCD)  . Therefore, it was logi-
cal to ask whether the material released from the cells 4–6 h prior to their  histolysis 
  is already degraded, as this would link apocrine secretion with their temporally 
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close senescence. To address this issue, secretory material from 8–10 h old prepupal 
salivary glands was isolated, proteins extracted, and probed by western blotting 
with selected antibodies. The tested antigens (Rab11 membrane component, BR-C 
transcription factor, tumor suppressor protein p127, myosin II, Rop, β-tubulin, EcR, 
Scrib, Arm and several other proteins) remained as intact and undegraded in the 
prepupal secretion when compared to the total protein extracted from the late  larval 
salivary glands   when probed by western blotting (Farkaš et al.  2014 ). Thus, the 
proteins and associated complexes released by apocrine secretion are intact, and 
most probably also fully functional. 

 This raises yet another question with regard to the programmed cell  death  . Are 
salivary gland cells that are losing the majority of their cellular protein components 
able to retain basic vital functions? We experimentally documented that glands in 
the fi nal phases of protein extrusion (+10 h APF), as well as glands several hours 
older (12–14 h APF) still incorporate radioactively labeled uridine ([ 14 C]-uridine or 
[ 3 H]-uridine) and amino acids ([ 35 S]-methionine or [ 3 H]-leucine) into newly synthe-
sized RNA and proteins, respectively. Furthermore, the pattern of proteins synthe-
sized is not static, but changes as the glands continue to age. These prepupal salivary 
 glands   also have viable cells as assessed by a dye exclusion test with trypan blue. 
Thus, even at time points past the massive, noncanonical apocrine secretion, these 
glands have cells that are fully alive and continue to maintain a pattern of transcrip-
tional and protein synthetic activities (Farkaš et al.  2014 ). Indeed, this fi ts precisely 
with our understanding of the well-defi ned  puffi ng pattern   of salivary gland  poly-
tene chromosomes   during this developmental period (Ashburner  1970 ,  1972 ; 
Richards  1976a ,  b ; Ashburner and Berendes  1978 ). Therefore, this secretory cycle 
appears to be one of the vital and programmed functions of salivary gland prepupal 
development and appears to not be associated with  PCD  . 

 Interestingly, many of the proteins identifi ed in our initial top-down proteomic 
analysis or immunodetected microscopically are encoded by genes recovered by 
Maybeck and Röper ( 2009 ) in their targeted gain-of-function screen for  embryonic 
salivary gland   morphogens. These include genes such as  chic ,  egl ,  btsz ,  Arp87C , 
and others, and according to the modENCODE project and FlyAtlas tissue expres-
sion data (Chintapalli et al.  2007 ; Graveley et al.  2011 ; Robinson et al.  2013 ), such 
genes are known to be moderately to highly expressed in salivary glands. This indi-
cates that these genes, which are important for the embryonic morphogenesis of this 
tissue remain active and are highly or increasingly expressed throughout the life of 
the gland, and so may be essential or vital for maintaining this organ’s identity, 
structure or function until the realization of cell death. On the other hand, several 
polypeptides detected by mass spectrometry, such as transferrin, and the larval 
serum proteins (yolk proteins) are almost surely not endogenous products of sali-
vary glands, but exemplary representatives of haemolymph or fat body proteins. 
This strongly indicates that these are  transsudated  , similar to previously observed 
transsudated proteins  e.g . albumin in mammalian tears (Ng et al.  2000 ; Grus et al. 
 2005 ; Zhou et al.  2009 ; Versura et al.  2010 ). And indeed, we recently described that 
there is tremendous  endocytosis      and  vacuolation   in the early-to-mid prepupal 
 salivary  glands   of  Drosophila . This appears to be associated with complex  endo-
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somal traffi cking   that is able to bring in various cargoes from the circulating haemo-
lymph. After consolidation of the numerous vacuoles with the salivary gland’s ER 
and Golgi systems, these would easily be recruited into the apocrine pathway few 
hours later (Farkaš et al.  2015 ). 

 In this context, it should be also emphasized that we were unable to detect any 
low-molecular weight degradation products, even on overexposed X-ray fi lms from 
western blots. As we detected only undegraded proteins in the released material by 
western blotting as well as morphologically “perfect” pieces of cellular structures in 
the  lumen   by electron microscopy, it implies that the apocrine secretion process is a 
real secretory activity with a different functional signifi cance (Farkaš et al.  2014 ). 
Therefore, it can be concluded that apocrine secretion is a selective process; only 
undegraded proteins are released whereas those targeted for proteasomal degrada-
tion are retained in cells. This is a novel and important attribute of  Drosophila  apo-
crine secretion. 

 All the observations showed that only proteins, and not nuclear DNA, are 
released during apocrine secretion. To verify this result for all cells in the entire 
gland, which is composed of columnar, transitional and  corpuscular cells  , we 
detected DNA with Hoechst 33258 and various proteins with antibodies at 8, 9 and 
10 h after pupariation. These experiments confi rmed that during all of the three time 
points when various proteins are unambiguously secreted, nuclear DNA remains 
intact in all of the cells of the gland. This appears as one of the major hallmarks of 
the apocrine process (Farkaš et al.  2014 ; Farkaš  2015 ). The major outstanding ques-
tion is what physiological purpose is served by the apocrine secretion in the prepu-
pal glands, and also, whether it occurs in other  Drosophila  species or cyclorrhaphous 
dipterans.  

15.3.4     Major Conclusions from Apocrine Secretion 
in the  Drosophila  SGs and Their Relevance 
to Vertebrates 

 Its identifi cation in the  prepupal SGs   of  Drosophila  suggests that we should con-
sider this type of a cell externalization mechanism in a wider context. Though it is 
a rarely investigated process, studying apocrine secretion has a very long history. 
The fi rst identifi ed paper on an apocrine secretory organ is that of Harder ( 1694 ) 
who described a special lachrymal gland in rodents. Then Purkyně (also known as 
Purkinje) ( 1833a ,  b ) discovered the human sweat gland, currently the most intensely 
studied apocrine organ, which was then described in detail by his pupil Wendt 
( 1833 ,  1834 ). Almost simultaneously, their fi ndings were confi rmed and extended 
by Breschet and Roussel de Vouzeme ( 1834 ), and by Gurlt ( 1835 ). The axillary 
armpit glands, which contain the highest known concentration of apocrine sweat 
glands in the human skin, were fi rst recognized by Horner ( 1846 ). Independently, 
Velpeau ( 1839 ) and later Verneuil ( 1854 ) described a chronic acneiform infection of 
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the cutaneous sweat (apocrine) glands that later was named hidradenitis suppurativa 
(HS) (Richter  1932 ; Brunsting  1939 ; Lasko et al.  2008 ; Blok et al.  2013 ). This iden-
tifi es a specifi c medical problem closely associated with the apocrine process. Talke 
( 1903 ) then described the presence of two types of glandular cells, clear cells and 
dark cells, in the human sweat apocrine gland. Mislawsky ( 1909 ) suggested that 
these are transitional to each other and are fundamentally of the same cell type. 
Today investigators studying sweat glands believe that the glandular secretory cells 
of the apocrine sweat glands are only of one type, being different from those of the 
eccrine sweat glands. 

 Ranvier ( 1879 ) was the fi rst to distinguish “holocrine” secretion in the sebaceous 
gland from “eccrine/merocrine” secretion in the sweat glands. But it was not until 
( 1917 ) and ( 1921 ) when Schiefferdecker, based on Ranvier’s observations, sug-
gested that the sweat gland cells be classifi ed functionally according to how they 
secreted their contents, by an eccrine/merocrine, apocrine or holocrine mechanism. 
This contribution provided a conceptual breakthrough. It established a clear func-
tional defi nition of three substantially different categories of secretion based on the 
mechanism underlying the externalization of cellular materials (Fig.  15.12 ). Since 

  Fig. 15.12    Schematic illustration of the three major secretory mechanisms. ( a )  exocytosis   (mero-
crine secretion) involves homotypic membrane fusion between vesicles and the cell membrane, 
thus allowing for only the externalization of the cargo present inside the secretory  granules  . ( b ) 
Apocrine secretion occurs by discharging a portion of the cell when intracellular components are 
freed into a  lumen   through the shedding of whole pieces of the cytoplasm. After release, the cyto-
plasm is reconstituted and a new cycle of secretion may occur. ( c ) Holocrine secretion means 
“complete secretion” of the cell’s entire contents and occurs when the cell becomes completely 
dissolved. All of its compartments, including the nucleus, can serve as secretory products. The cell 
never recuperates. (Reprinted with the permission of the publisher)       
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that time, apocrine secretion has been confi rmed and studied by many authors 
(Herzenberg  1927 ; Richter and Schmidt  1934 ; Kuno  1938 ; Kato and Minamitani 
 1941 ; Iwashige  1951 ; Hibbs  1962 ; Schaumburg-Lever and Lever  1975 ).

   In spite of the literature that accumulated over time, the mechanism and purpose 
of the apocrine secretion remains enigmatic. So, our puzzlement of its function in 
the dying SGs highlights a general lack of understanding. One of the reasons is the 
lack of suitable model organism or model tissue, as well as not having a set of 
clearly defi ned characteristics of the process, which currently stems from many 
controversial and incomplete observations made in various animals and human 
samples. The careful analysis of the apocrine process in  Drosophila  SGs has opened 
the door to comprehensive and synthetic comparison of many previous studies. 
Unfortunately, these often have misleading conclusions when compared to the cur-
rent data that helped us to draw an elementary outline of the apocrine secretion 
process. First of all, observations in  Drosophila  clearly establish that apocrine 
secretion is a non-canonical and non-vesicular transport and secretory mechanism. 
It has been observed or unambiguously described in sweat glands, mammary glands, 
lacrimal tear glands as well as in many other tissues including the cerumenal glands, 
epididymis, and many others (Kawabata and Kurosumi  1976 ; Kurosumi and 
Kawabata  1977 ; Agnew et al.  1980 ; Gudeman et al.  1989 ; Morales and Cavicchia 
 1991 ; Paulsen  2003 ; Farkaš  2015 ). Though some of the glands (notably the pituitary 
and parathyroid glands) (Ream and Principato  1981 ; Schwarz et al.  1988 ) are typi-
cal endocrine glands, all of the other secretory organs are exocrine glands, many of 
which serve as barrier epithelia, just as do the  Drosophila  SGs. Therefore, in the 
majority of cases, apocrine secretion may serve a means to interface communication 
with the external environment. 

 It is very interesting that the  Drosophila  salivary gland cells have the capability 
to secrete jellyfi sh  GFP  - or bacterial lacZ-fusion proteins as well as  lacZ  -nonfusion 
reporters. This indicates that heterologous proteins can be recruited to the apocrine 
secretory machinery/pathway (Farkaš et al.  2014 ). This evokes the question of what 
mechanism is used to label and/or recruit proteins into the apocrine traffi cking path-
way? We can speculate about what potential complex  posttranslational 
modifi cation(s)   would be able to recruit such a massive and diverse amount of var-
ied proteins. However, there is also one additional and unexpected possibility we 
raise as a question: if the apocrine machinery is capable of recruiting such divergent 
categories of proteins from all cellular compartments and  organelles  , and such an 
enormous population of these proteins can be released, would it not be wise for a 
cell to coopt or invent an energetically less expensive summoning system? Using 
such a system would enable cells to devote much less effort towards labeling and 
modifi cation if they marked the relatively fewer number of proteins that should be 
retained, and not mark those to be recruited for apocrine secretion. If this is the case, 
it opens research vistas towards a novel selection mechanism. 

 In contrast to previously published views, apocrine secretion is characterized by 
a massive protein release, rather than just devoted to the secretion of oily substances. 
Our current, albeit preliminary proteomic analyses of the apocrine secretory 
 material, revealed that it is a very complex mixture consisting of hundreds or even 
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thousands proteins from different  subcellular   locations with highly variable func-
tions. The  ontological   distribution of these protein categories strongly resembles 
that of various  organellar   proteomes (Farkaš et al.  2014 ). Making use of recent 
advances in mass spectrometry and improved peptidome prefractionation, in-depth 
proteomic analyses of human body fl uids, although without any special attention to 
apocrine secretion, were documented in the last 3–4 years. Interestingly and fortu-
nately, some of them have provided insights into the proteomic composition of 
milk, sweat, tears, cerumen, saliva, etc. (Bandhakavi et al.  2009 ; Gao et al.  2012 ; 
Raiszadeh et al.  2012 ; Zhou et al.  2012 ; Feig et al.  2013 ), all of which are produced 
by apocrine organs. In accordance with the expectations and conclusions on apo-
crine secretion from the larval  Drosophila  salivary glands, these fl uids are also 
remarkably complex. Though none of the currently available proteomes can be con-
sidered defi nitive, they can be organized into mutually comparable  ontological   cat-
egories. This comparison revealed that the distribution of categories between 
various proteomes is quite similar (Fig.  15.13 ). Among these human fl uid pro-

  Fig. 15.13    Mass spectrometry analysis of the apocrine secretions. It contains a strikingly similar 
overall distribution of major  ontological   categories of proteins ( A  =  subcellular   localization, 
 B  = biological process). Secretions isolated from ( a )  Drosophila  salivary glands; ( b ) human tears; 
( c ) human sweat; ( d ) human cerumens; ( e ) human milk; ( f ) human bronchoalveolar fl uid. 
(Reprinted with the permission of the publisher)       
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teomes, all of the same categories seen in the apocrine secretion from  Drosophila  
SGs seem to be represented. This suggests that there must be a common purpose 
and function of apocrine secretion even among evolutionary distant metazoan 
groups, and that this could evolve from a common, fundamentally advantageous, 
ancestral trait. Comparison of fi ve most complex proteomes identifi ed to date 
(sweat, tears, cerumen, saliva and milk) reveal more than 300 shared entries. Put 
simply, between 30 and 65 % of apocrine fl uids contain identical proteins regardless 
of their anatomical origin (Farkaš  2015 ).

   Merocrine  exocytosis   appears to be common to all  eukaryotic   cells from micro-
bial yeasts to humans (Alberts et al.  2007 ; Lodish et al.  2012 ), while apocrine secre-
tion is observed only in cells organized into tissues or organs; it is not found in 
individual cells. As such, apocrine secretion represents one of the few mechanisms 
that demarcate an evolutionary signature which uniquely characterizes metazoan 
 eukaryotes  . As already mentioned, as a very important feature of metazoan eukary-
otes, apocrine secretion should have evolved quite early during or just after the 
Cambrian radiation, probably not later than during the Devonian period. With a 
period of 470–500 MYA (Hedges and Kumar  2009 ), the identifi cation of genes that 
control apocrine secretion would signifi cantly contribute to our understanding of 
molecular determinants that comprise a metazoan signature. 

 Apocrine secretion serves a fundamentally different purpose than other types of 
secretion. Furthermore,  exocytosis   can release only soluble proteins, solubilized 
inside of vesicle and bound on a cargo receptor (Machado et al.  2010 ). In contrast, 
apocrine secretion can release any kind of protein including polypeptides that would 
be insoluble in canonical vesicles. From an energetic perspective, it is a quite effi -
cient mechanism. It saves the energy that would have been required to pack indi-
vidual proteins into a vesicle and make them soluble for vesicular release. In fact, 
during apocrine discharge, the majority of secreted proteins inside gland’s lumen 
appear to be in their  in situ  location within their original  subcellular   compartments, 
which maintains them as both soluble and functional.  

15.3.5     Distinguishing Molecular, Cellular and Evolutionary 
Attributes of Apocrine Secretion 

 The fi nding and comprehensive analysis of apocrine secretion in the  Drosophila  
salivary glands (Farkaš et al.  2014 ) combined with a careful comparison of many 
historical and recent data in vertebrate models (Farkaš  2015 ), has made it clear that 
apocrine secretion has several specifi c characteristics and features that distinguish it 
from canonical  exocytosis  . (1) Apocrine secretion is non-canonical and non- 
vesicular traffi cking and secretory pathway present exclusively in multicellular 
organisms. (2) It represents the  en masse  secretion of cellular components. (3) 
Apocrine secretion releases a secretory material that is a highly complex protein-
aceous mixture with  organellar   components from all cellular compartments 
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including the nucleus and nucleolus - the nuclear DNA, however, itself remains 
intact. (4) This secretory process is tightly regulated and selective, as some proteins 
or components are always released earlier than others. (5)  Phylogenetic   comparison 
reveals that anatomically divergent apocrine glands secrete very similar compo-
nents with a conserved  ontological   distribution, with different secretions sharing 
30–65 % of their proteins in common. (6) The apocrine secretion is an attribute 
restricted to metazoan, organized and polarized epithelial tissues or glands and is 
not observed in unicellular organisms or individual cells. (7) Even after a massive 
apocrine secretion, the released cellular components are renewed in the secretory 
cell by continued transcription and protein synthesis .   

15.4     Conclusions 

 The  Drosophila  larval SGs have two major excretory functions that have been 
unambiguously documented. The fi rst is the production and secretion of Sgs  glue 
  proteins at the very end of larval development and their  expectoration   during pupar-
iation. The second is associated with the production and release of a highly complex 
proteinaceous mixture at the end of prepupal period. This is accomplished by apo-
crine secretion. Thus, the fi rst large secretory activity is associated with the widely- 
known and well-described classical ER-Golgi-linked vesicular secretory machinery 
and results in the  exocytosis   of targeted proteins, whereas the second secretory 
activity is associated with a much less understood non-canonical and non-vesicular 
apocrine secretion. A comparison of the secretory material and its properties 
between exocytotic Sgs proteins and apocrine secretion reveals unexpected capa-
bilities of this organ – it can reprogram its function to achieve two distinctly differ-
ent roles. In contrast to exocytosis which releases and delivers a single product or a 
very small group of proteins or peptides, apocrine secretion serves to deliver hun-
dreds or thousands of membranous, cytoskeletal, cytosolic, microsomal, mitochon-
drial, ribosomal, Golgi, and even nuclear as well as nucleolar proteins across the 
interface with the external environment. Moreover, an in-depth proteomic analysis 
of apocrine secretion from the  Drosophila  SGs and comparison with secretory 
materials from human apocrine glands has shown that all major  ontological   groups 
of proteins and their mutual distribution, either categorized by their  subcellular 
  location or biological/molecular function, remains highly conserved among evolu-
tionary distant apocrine glands .     
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    Chapter 16   
 Salivary Gland Secretions of Phytophagous 
Arthropods                     

     Maria     P.     Celorio-Mancera      and     John     M.     Labavitch    

    Abstract     Thousands of arthropod species use plants as their main food source. 
Plants in turn are not completely passive towards arthropod herbivory. Arthropod 
saliva constitutes an important point of contact which initiates phytophagy and 
mediates chemical communication. Here we present a summary of those communi-
cations studying the constituents of arthropod saliva and their effect on plants. 
Particular attention has been dedicated to those reports identifying salivary gland 
genes and proteins in their entirety (transcriptomes and proteomes). The anatomy of 
salivary glands is highly variable and much of its complexity remains unstudied in 
various groups of phytophagous arthropods. Some important factors dictating the 
function of saliva in herbivory are the feeding strategy used by the arthropod, the 
developmental stage of the animal and the ecological niche in question. The func-
tion of many salivary components, such as the chemosensory proteins identifi ed in 
arthropods, is still largely unknown. We consider the use of heterologous expression 
of these genes, chemoinformatic, molecular modeling and immunohistochemical 
studies to be of substantial importance for the elucidation of the functions of these 
genes as well as the functions of many other unknown proteins in arthropod sys-
tems. Additionally, the role of hemolymph proteins such as apolipophorins and stor-
age proteins in saliva is unclear and therefore attention must be devoted to the 
understanding of protein movement in the arthropod body.  
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16.1       Introduction 

 Arthropoda comprises approximately one million described species grouped in nine 
phylogenetic groups, namely  Hexapoda  ,  Crustacea  ,  Pauropoda  ,  Diplopoda  , 
 Chilopoda  , Symphyla,  Arachnida  , Xiphosura and Pycnogonida (Tree of Life Web 
Project  1995 ; Thorp  2009 ). Most phytophagous arthropods are within Hexapoda, 
specifi cally  Insecta  , which dominate terrestrial habitats with over 750,000 species 
described (Wilson  1988 ). Therefore, it is not surprising that almost half of the living 
organisms on Earth are represented by plants and their insect parasites (Schoonhoven 
et al.  2005 ). Interactions between arthropods and plants which are ubiquitous and 
highly diversifi ed have drawn the attention of evolutionary biologists for explana-
tions of this biological diversity. Ehrlich and Raven in 1964, suggested that an “arms 
race” between plants and their insect herbivores has led to species diversifi cation via 
“coevolution” (Ehrlich and Raven  1964 ). They conclude that the insect herbivore 
must overcome the plant’s chemical deterrence or defense posed in order to, 
“escape” and “diversify”. 

 The herbivore’s feeding strategy represents one of its most effective means of 
coping with plant-defense mechanisms and, when considered along with the 
chemical composition of the phytophagous arthropod’s saliva, plays a critical role 
in diversifi cation. Salivary secretions function as a matrix for chemical communi-
cation between the herbivore and the plant (Felton and Tumlinson  2008 ; Weech 
et al.  2008 ; Schmelz et al.  2009 ). Our new ability to inspect the complete array of 
proteins (proteomes), expressed genes (transcriptomes) and the genomes in the 
interacting organisms has provided us with a holistic view of the biological 
response. Thanks to this ability we can discuss aspects of the “general saliva com-
position” and examine later issues related to “specifi c molecular functions” of the 
salivary components. Currently, there are several reports describing the arthro-
pod-saliva proteome or transcriptome, but even now many salivary components 
have not been assigned a biological function. This task is not trivial; an objective 
of this chapter is to fi nd patterns within the literature that can lead to the study of 
components of insect saliva that may mediate communication between the plant 
and its arthropod parasite. 

 First, we review how arthropods feed on a plant. In general terms, the prevalent 
mode of plant feeding among Arthropoda is by means of either powerful chelicerae 
or mandibles. Chewing mouthparts are used by larvae of the  Lepidoptera  , but also 
by plant-feeding species within  Diplopoda  ,  Crustacea  ,  Pauropoda   and Symphyla, 
many of which are detritivores that encounter plant material in the decomposing 
organic matter they feed on. The biting- chewing   strategy for feeding on plants can 
be considered the ancestral state among Arthropoda since the mouthparts required 
for this way to food acquisition have retained the appearance of the ancestral 
appendages, paired and segmental (Chapman  1995 ). Xyphosurans are mostly pred-
ators, feeding on mollusks, crustaceans and worms on the ocean fl oor. Pycnogonida, 
 Arachnida   and  Chilopoda   are mostly predators, but within the Arachnida we 
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encounter phytophagous Acari using a  piercing   proboscis to feed on plant cellular 
contents. By convergent evolution, this strategy for plant-feeding using a suctorial 
proboscis is observed in other taxa within  Hexapoda  :  Lepidoptera  , Coleoptera, 
Hymenoptera and Diptera (Krenn et al.  2005 ). As mentioned above, Hexapoda con-
tains most of the phytophagous arthropods and also the widest range of plant- 
feeding strategies, ranging from detritivory, to piercing the living plant to defoliation 
by chewing. A sort of combination between piercing and chewing strategies has 
also been described for hexapods; the minute mandible blades of the gall midge 
larvae,   Mayetiola destructor   , resemble a short stylet which injects saliva into the 
plant cells (Stuart et al.  2012 ). 

 Sharma and collaborators ( 2014 ) conducted an exhaustive analysis of the litera-
ture regarding feeding strategies among those hexapods which use their stylets to 
pierce the plant tissue and withdraw its nutrients. We encourage the reader to con-
sult their very thorough analysis and complement that with the summary we are 
reporting here, which includes only a discussion of recent reports (the second half 
of 2014 and the fi rst half of 2015). 

 The complexity of the feeding strategy of piercing-sucking insects (specifi cally 
hemipteroids) has been revealed through comprehensive ecological and behavioral 
studies. The withdrawal of plant nutrients may involve the creation of a salivary 
sheath upon penetration of vascular tissues, or the utilization of an osmotic-pump 
mechanism by sap-sucking insects. For those insects that rupture plant leaf or stem 
parenchyma cells, three main categories for feeding strategies have been estab-
lished: lacerate-and-fl ush, lacerate-and-sip and macerate-and-fl ush (Sharma et al. 
 2014 ). 

 It is important to realize that that the arthropod’s mode of accessing food may 
change drastically depending on its developmental stage (Chapman  1995 ); this is 
particularly true for those species undergoing complete metamorphosis during their 
life cycle, because this involves a complete reconfi guration of both the anatomy and 
physiology of feeding.  

16.2     Salivary Glands and Their Components 

 The salivary glands in phytophagous arthropods are highly diverse in their anatomy 
and composition, and this complexity has not been fully investigated. In general, 
salivary glands can be tubular, acinar (alveolar) or reservoir type (Ribeiro  1995 ). 
These types display particularities; for example the location of the openings of their 
ducts in the animal body, which can have enormous implications for the arthropod- 
plant interaction. Similarly, different kinds of saliva might be found in the arthropod 
system; whether their mixture takes place represents yet another level of complexity 
when elucidating the role(s) of saliva components during the feeding process. In the 
 Endopterygota   it is common to count at least two kinds of glands associated with 
the mouthparts, the mandibular and the labial glands (Akai et al.  2003 ; Vegliante 
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and Hasenfuss  2012 ). The labial pair is mostly dedicated to the production of silk 
(see Chapter   14    ) while the mandibular pair is associated with the production of 
saliva for the lubrication of the mandibles during the demanding task of biting and 
chewing abrasive plant material (Fig.  16.1  panel A). Other glands have been poorly 
studied and their general role(s) in the arthropod system are still unknown; e.g., the 
maxillary glands and  De Filippi’s glands   observed in some lepidopterans (Vegliante 
and Hasenfuss  2012 ). However, perhaps the most studied salivary glands come 
from the order Diptera (see Chapter   15    ) because the fruit fl y,   Drosophila melano-
gaster   , has been a model species for understanding biology for the last half century, 
and mosquitos are vectors of various tropical diseases in humans. The study of sali-
vary glands and their contents in   Anopheles  spp   has revealed invaluable knowledge 
about the dynamics of parasite and pathogen transmission (Dhar and Kumar  2003 ), 
hence open possibilities for the control of diseases such as malaria (James  2003 ; 
Maharaj et al.  2015 ).

  Fig. 16.1    Two examples of salivary glands in  Neoptera  . Drawing of a caterpillar’s body ( side 
view ) indicating the position of the mandibular and the labial glands in relation to the head ( a ). The 
caterpillar drawing indicates also the corresponding position of the mandibular and labial glands 
in a dissected specimen of   Helicoverpa armigera    larva where the body has been removed except 
the head and the salivary glands. Four photographs depicting the ventral side of the mirid   Lygus 
hesperus    and the sequential exposure of its salivary glands ( inside dotted lines  and isolated from 
body at the furthest right photograph) after removal of the abdomen and thorax ( b )       
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16.2.1       Hexapoda 

  Most salivary  transcriptomes   and proteomes described up to date correspond to 
arthropod species in the group Pterygota (winged insects). Unfortunately, we lack 
knowledge about salivary gland composition for those saprophagous hexapods that 
are part of the soil fauna ( Collembola  , Protura and  Diplura  ), insects which may feed 
on mosses and lichens in  Archaeognatha   (bristletails) and  Embiidina   (web- spinners) 
(Edgerly and Rooks  2004 ), and species in other groups within  Neoptera   such as 
Psocodea (bark lice), Plecoptera (stonefl ies),  Phasmida   (stick/leaf insects) and 
 Dermaptera   (earwigs). We do know that certain plecopterans not only may use pro-
teases and lipases for digestion but also amylase, since such activities were detected 
in whole body extracts of these insects confi rming their ability to exploit plants for 
nutrient acquisition (de Figueroa et al.  2011 ; López-Rodríguez et al.  2012 ; but see 
 16.2.3 ). In another study, diet regimen affected the size of the salivary glands in the 
ring-legged earwig,  Euborellia annulipes  and juvenile hormone levels correlated 
positively with salivary gland size in this earwig species (Rankin et al.  1997 ), but 
the implications of these observations are still unclear. 

16.2.1.1     Components of Saliva in Species Within the Hemipteroid 
Assemblage 

  As stated  earlier  , Sharma et al. ( 2014 ) provided in their review detailed information 
on salivary proteins detected in phytophagous hemipteroids. Thus, here we direct 
our attention to even more recent investigations in the literature and their conclu-
sions. We also discussed, that the comprehensive description of the salivary tran-
scriptome and proteome of a plant-feeding arthropod may be an important fi rst step 
for the understanding of the arthropod-plant interaction; their “coherence” is equally 
valuable. Transcriptomic data “coherent” with proteomic data will simply mean that 
for a given number of predicted transcripts corresponds with the same number of 
predicted proteins. Experimentally, this is not the scenario observed; that is, many 
more transcripts (encoding secreted proteins) are predicted in relation to the number 
of secreted proteins that are actually detected (Chaudhary et al.  2015 ). This refl ects 
our inability to capture all the biological plasticity at the protein level, partially due 
to the mere physical limitation of extracting saliva from small insects like aphids. 
Recently, the use of a neurostimulant seemed to increase aphid salivation, thus 
potentially improving the detection of secreted proteins (Chaudhary et al.  2015 ). 
Chaudhary and collaborators ( 2015 ) made additional observations which are impor-
tant to highlight: (1) the salivary components of specialist and generalist aphid spe-
cies are more similar to each other than expected, (2) protein movement may occur; 
i.e., from the hemocoel into the salivary glands, and (3) glucose dehydrogenases 
and trehalases were identifi ed as common components of  aphid saliva  . 

 Other important components of aphid saliva characterized by means of func-
tional genetic approaches are the so called “aphid effectors” (Bos et al.  2010 ). When 
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the genes encoding these effectors are expressed in plants using genetic engineer-
ing, they affect aphid fi tness (either enhancing or, occasionally, suppressing it) sug-
gesting a role in the regulation of plant defense responses (De Vos and Jander  2009 ; 
Elzinga et al.  2014 ; Rodriguez et al.  2014 ). Interestingly, one of these effectors, 
called Mp10 is highly similar in its amino acid sequence to chemosensory proteins 
(CSPs) from other insects (Bos et al.  2010 ). Transcripts encoding putative CSPs 
sharing high homology to Mp10 are differentially expressed in two populations of 
the brown planthopper,   Nilaparvata lugens    which display differences in their suc-
cess as vectors of rice virus diseases (Ji et al.  2013 ). The amino acid composition of 
CSPs indicates that they may function as carriers of hydrophobic molecules (Pelosi 
et al.  2006 ). Understanding the macromolecular targets and physicochemical effects 
of aphid effectors and arthropod effectors, in general, may have great potential for 
the control of pest species. For example, plant-mediated RNAi down-regulating the 
expression of genes encoding salivary effectors in aphids is persistent across gen-
erations decreasing aphid population growth (Coleman et al.  2015 ). Research pio-
neering 3-D modeling strategies, heterologous expression and  in vitro  binding 
assays of CSPs are available for dipteran and lepidopteran species (Picimbon et al. 
 2000 ; Campanacci et al.  2003 ; Mosbah et al.  2003 ; Iovinella et al.  2013 ). Certainly, 
more of these studies and immunocytochemical localizations of odorant-binding 
proteins (OBPs) and CSPs in the arthropod body are necessary to reveal possible 
functions as effectors of plant defense responses. 

 We expect to see an increase in the number of comparative analyses of hemip-
teroid saliva at the genomic and proteomic level. Hattori and collaborators ( 2015 ) 
inspected the composition of the watery saliva of the green rice leafhopper, 
  Nephotettix cincticeps    ,  and concluded that its proteomic profi le is consistent with 
that of other phloem feeders already characterized. Proteomic analysis of other 
hemipteran pests; e.g. mirids, will be fairly easy to conduct since the salivary glands 
are conspicuous in some species (Fig.  16.1  panel B) and techniques for collecting 
saliva when extruded into inert diets are well known (Habibi et al.  2001 ). Recently, 
high expression levels of polygalaturonase (PG)-encoding genes in salivary glands 
of another mirid,   Apolygus lucorum   , were reported (Zhang et al.  2015 ) and Celorio- 
Mancera et al. ( 2009 ) identifi ed multiple endo- and exo-PGs in salivary glands iso-
lated from the western tarnished plant bug,   Lygus hesperus   . Two of these PGs were 
extruded when the insect fed on an artifi cial diet (Celorio-Mancera et al.  2008 ). 
Several cell wall-digesting enzymes were identifi ed in the salivary glands of the 
glassy-winged sharpshooter (  Homalodisca vitripennis   ) the vector of Pearce’s dis-
ease of grapevines. Antibodies were raised against a β-1,4-endoglucanase-enriched 
fraction from the vector’s salivary glands and were used to demonstrate that the 
enzyme was extruded into grapevine xylem vessels when the sharpshooter fed from 
them (Backus et al.  2012 ). 

 The fi rst study describing the sialotranscriptome of a thysanopteran was reported 
(Stafford-Banks et al.  2014 ). This study predicted that gene families in the Western 
fl ower thrip,   Frankliniella occidentalis   , are involved in detoxifi cation and inhibition 
of plant defenses, sugar metabolism and general digestion as based on transcript 
sequence homology with other better characterized species. One of the main 
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 conclusions was that the presence of transcripts encoding enzymes involved in the 
extra-oral digestion of plant cell wall components (β-glucosidases, endo-β- 
glucanases and pectin lyases) was coherent with the type of feeding damage that the 
thrips infl icted on plants (Stafford-Banks et al.  2014 ). Transcripts encoding putative 
CSPs and odorant receptors were also identifi ed in this study .  

16.2.1.2     Components of Saliva in Species Within Orthoptera 

 Interestingly, we could not fi nd a similar description of  the   sialotranscriptome of an 
orthopteran. However, extensive transcriptomic and proteomic approaches have 
been used to understand the biology of migration in the migratory locust,   Locusta 
migratoria    (Chen et al.  2010 ; Tong et al.  2015 ; Tu et al.  2015 ). Information about 
what constitutes the saliva of orthopterans is scattered in the literature. A gene cod-
ing for a β-1,4-endoglucanase able to digest  carboxymethyl-cellulose   was detected 
in the cricket  Teleogryllus emma , with the highest specifi c activity of this enzyme 
found in salivary glands (Kim et al.  2008 ). Lipase activity and  disulfooxy fatty acids   
(caeliferins) were detected in oral secretions of grasshoppers and fatty acid amides 
in katydids and crickets (Alborn et al.  2007 ; Schafer et al.  2011 ).  

16.2.1.3     Components of Saliva in Species Within Endopterygota 

   Different   kinds of glands can be found in holometabolans depending on their ecol-
ogy and developmental stage; e.g., mandibular, maxillary, hypopharyngeal and 
labial glands (Walker  2009 ). Labial glands are present in those groups of insects 
( Lepidoptera  , Trichoptera, and Hymenoptera) where silk production is important 
for shelter and protection purposes (details in Chapter   14    ). The mandibular glands 
in lepidopterans have been associated with the lubrication of mouth parts and bolus 
formation. They are paired but not fused in the anterior region like the silk glands 
and they are not compartmentalized (Parthasarathy and Gopinathan  2005 ). 
Comparing the scientifi c reports on the salivary contents of labial and mandibular 
glands (Fig.  16.1 . panel A) in lepidopteran larvae, the following conclusions are 
reached: (a) the primary function of the labial glands is the production of fi broin and 
sericin (silk proteins), (b) glucose oxidase, fructosidase, arylphorin, protease and 
oxidase/peroxidase are also important components of the labial glands, (c) proteins 
with high homology to CSPs are the main proteome component of mandibular 
glands, and levels of these proteins change in response to caterpillar diet (Celorio-
Mancera et al.  2012 ,  2015 ) (Fig.  16.2 ), (d) both labial and mandibular glands con-
tain proteins involved in digestion and immunity, (e) both types of glands harbor 
 methionine-rich storage proteins  ,  arylphorins   and  apolipophorins  , all of which are 
proteins that may circulate through the larval body, (f) polygalacturonase or pectin 
lyase activities were not detected in caterpillars.

   Extensive proteomic studies on salivary glands are now available for the larval 
stage of some lepidopterans. For example, lists of the proteins identifi ed in the mid-
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dle and posterior silk glands (labial glands) of silkworms in different stages of 
development have been generated by the Silkworm Genome Project and are acces-
sible to the public through the Kaiko Proteome Database (  http://kaiko2ddb.dna.
affrc.go.jp    ) (Shimomura et al.  2009 ). Similarly, cDNA libraries are publicly avail-
able for the silk glands of the silkmoth,   Bombyx mori    (  http://silkbase.ab.a.u-tokyo.
ac.jp     and   http://sgp.dna.affrc.go.jp/KAIKObase/    ). The labial sialome of a generalist 
herbivore, the cotton bollworm   Helicoverpa armigera    ,  was inspected (Celorio- 
Mancera et al.  2011 ) and the labial and mandibular salivary gland proteomes were 

  Fig. 16.2    Box-and-whisker plots of protein levels in salivary glands of caterpillars reared on dif-
ferent diets. ( a ) Chemosensory protein; ( b ) Odorant binding protein. Diet treatments:  Cirsium 
palustre  (T),  Urtica dioica  (N), artifi cial diet (AD), artifi cial diet and growth medium for bacteria 
(LB), LB containing peptidoglycan (Pep), LB containing living bacteria  Escherichia coli  (Bac). In 
treatment “AD-T”, the caterpillars were switched from feeding on artifi cial diet to plant material 
when molting into their fi fth larval stage (Modifi ed after Celorio-Mancera et al.  2015 )       
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compared in nymphalids (Celorio-Mancera et al.  2012 ,  2015 ). Important are those 
studies that have reported the activities (rather than just the presence of genes or 
proteins) of certain enzymes in the labial and/or mandibular glands in lepidopteran 
species. Reports have identifi ed amylases, lysozymes and fructosidases (Burton 
et al.  1976 ; Mall et al.  1978 ; Liu et al.  2004 ; Asadi et al.  2010 ; Celorio-Mancera 
et al.  2012 ) and provided insights of the biological roles of glucose oxidase (Musser 
et al.  2005 ) and disaccharidases (Hirayama et al.  2007 ) in insects. 

 Akai and coauthors in 2003 pointed out that the labial glands of adult neolepi-
dopterans were understudied, particularly those of pollen-feeding  Heliconius  but-
terfl ies. Currently, about 31 proteins have been identifi ed in the extruded saliva of 
the common postman,  H.    melpomene    (Harpel et al.  2015 ). Although most of the 
identifi ed proteins are involved in proteolysis and carbohydrate hydrolysis, activi-
ties necessary for the consumption of pollen and nectar, many proteins found in this 
study have unknown roles and are obvious targets for functional genetic investiga-
tions. Indeed, pollen is protein rich, e.g. up to 32 % by weight in rapeseed (Rayner 
and Langridge  1985 ) but most pollen nutrients are inside the pollen grain and are 
only released following a slow digestive process (Dobson and Peng  1997 ). 

 In  Mecoptera  , the salivary glands are involved in mating behavior, producing the 
nuptial gift offered by the males during mating. Although some exceptions exist, the 
salivary glands of the mecopterans display sexual dimorphism and are highly 
diverse among species (Ma et al.  2011 ). Nevertheless, we know nothing about the 
composition of salivary glands in either larval or adult stages of these insects. 

 Although the salivary components of blood-feeding dipterans are well studied 
(see Chapter   17    ), the identifi cation of transcripts and proteins in salivary glands of 
gall midges and  Toxorhynchites  mosquito species have been recently reported 
(Calvo et al.  2008 ; Stuart et al.  2012 ). Lipase-like, proteases and protease inhibitors 
were identifi ed as components of the salivary glands of gall midge larvae (Stuart 
et al.  2012 ). Many salivary components are just referred to as “secreted salivary 
gland proteins” (SSGPs) since their sequences do not match signifi cantly well to 
any known proteins. These investigations, although partially informative, revealed 
the high degree of specialization between these insects and their hosts, a relation-
ship suggestive of the interaction between plants and their pathogens. The gene-for- 
gene model can be applied to understand the interaction between  Cecidomyiidae   
and their hosts where avirulence genes were identifi ed. 

 Due to their enormous impact on human economy, pest species such as the red 
fl our beetle,  Tribolium castaneum,  are among the best studied hexapods so far. 
Although digestive enzymatic activities such as proteinase, amylase, xylanase and 
pectinase have been well characterized in coleopterans (Macedo and Freire  2011 ; 
Sami et al.  2011 ; Mika et al.  2013 ; Pauchet and Heckel  2013 ; Fabres et al.  2014 ; 
Kirsch et al.  2014 ; Pauchet et al.  2014 ), only a small number of studies have focused 
on the identifi cation of genes or proteins in maxillary glands of beetle larvae 
(Srivastava  1959 ). Thus, although in the fl our beetle putatively 19 genes code for 
CSPs and 49 for OBPs (Vieira and Rozas  2011 ), we do not know whether their 
expression is localized in specifi c tissues, such as the glands. 
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 The anatomy and number of the salivary glands in Hymenoptera is highly vari-
able (do Amaral and Machado-Santelli  2008 ; Elias-Santos et al.  2013 ). Besides the 
OBPs and CSPs detected in mandibular glands of all bee castes and stages, enzymes 
involved in quenching reactive oxygen species are present in the salivary glands of 
the honey bee,   Apis mellifera    (Iovinella et al.  2011 ). Arginine kinase is also found 
in both thorax and head salivary glands of a stingless bee species,   Melipona quadri-
fasciata anthidioides    (Elias-Santos et al.  2013 ). Interestingly, the biological role of 
this kinase is still unclear, but it also was reported in the salivary glands of other 
species within  Lepidoptera   (Celorio-Mancera et al.  2011 ) and Hemiptera  (Hattori 
et al.  2015 ) .   

16.2.2     Diplopoda 

  The activity of  enzymes   capable of degrading plant polysaccharides has been 
detected in salivary glands of some species of diplopods (Nunez and Crawford 
 1976 ). The salivary glands of this group of arthropods are arranged like those of 
vertebrates, with an acinal and a tubular portion (de Sousa and Fontanetti  2012 ) but 
the openings of their excretory ducts seem to vary substantially from species to spe-
cies (El-Hifnawi and Seifert  1973 ). The ducts can open either into the oral cavity 
(El-Hifnawi  1974 ) or the foregut (de Sousa and Fontanetti  2012 ). Therefore, the 
degree of predigestion of the chewed food due to the action of salivary secretions 
may vary remarkably among species. Thus, it will be interesting to examine whether 
there is a correlation between the characteristics of the food source and the enzy-
matic activities, and salivary glandular anatomy in the different diplopods. It is also 
of interest to understand how dependent diplopods are on microorganisms for the 
acquisition of nutrients from food, as has been proposed (de Sousa and Fontanetti 
 2012 ). We have not found proteome or transcriptome-level studies conducted on 
saliva or salivary glands of Diplopoda. However, this type of study will be necessary 
to broaden our understanding of this group of arthropods, which is relevant due to 
their possible use as environmental indicators (Giuliano-Perez and Fontanetti  2011 ). 
Additionally, information about the salivary composition in Diplopoda would obvi-
ously aid the describing of evolutionary relationships of genes encoding salivary 
proteins in comparison with other arthropods that feed on living plants. For exam-
ple, genes coding for CSPs was reported in Diplopoda (Iovinella et al.  2013 ) but still 
we lack information about their location(s) in the arthropod body .  

16.2.3      Other Arthropoda 

  Crustacea   represent a conspicuous group present in many habitats and with equally 
diverse feeding strategies. Salivary glands are not present in most crustaceans except 
for members of the  Chephalocharida   and  Pentastomida   (Hessler and Elofsson  2013 ; 
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Christoffersen and de Assis  2015 ). The antennal glands for osmoregulation and the 
digestive glands are more common features of the crustacean structural plan (Tsai 
and Lin  2014 ). Crustaceans are ubiquitous in marine and freshwater habitats but 
some groups have evolved into terrestrial habitats. One example is that of the 
 Isopoda  , which display extremely diverse feeding habits, including herbivory, 
which is considered to be the ancestral state of this group (Brusca  1997 ). Isopoda, 
commonly known as woodlice, have a digestive system consisting of a foregut, a 
pair of tubular midgut caeca (hepatopancreas) and a hindgut. The hepatopancreas is 
the site for secretion of digestive enzymes and absorption of nutrients. Although 
more investigations are needed to understand the digestive ability of these arthro-
pods, there are indications that autochthonous microorganisms may be living in a 
mutualistic or commensal relationship with woodlice (Kostanjšek et al.  2002 ; Cragg 
 2003 ). 

 Most species in  Chilopoda   are predators and information about their salivary 
glands is scarce. However, a study on the common house centipede,  Scutigera cole-
optrata , indicated that maxillary glands and head glands deliver their secretions into 
the foregut and suggested that the ultrastructure of these glands is very different 
from those of  Hexapoda   (Hilken and Rosenberg  2006 ). 

 No proteomic or transcriptomic analyses have been conducted on salivary 
glands of species in the microarthropod groups  Pauropoda   and Symphyla. We 
consider the inspection of the saliva components in these groups to be a potential 
line of investigation, especially to further understanding of how the composition 
of microarthropods in the soil changes depending on biotic and abiotic factors 
(Menta et al.  2014 ). 

 Phytophagous mites within  Arachnida   can be considered to be among the most 
pervasive agricultural pests. One of the best studied species, for which the genome 
has been sequenced, is the two-spotted spider mite  Tetranychus urticae  (Grbić et al. 
 2011 ). Although there is no specifi c analysis of the salivary proteome of plant- 
feeding mites, investigations have been conducted on the feces and the whole-body 
of these parasites corroborating the presence of cysteine and aspartyl-type proteases 
(Santamaría et al.  2015 ). It has been suggested that “phytotoxins” in the saliva of 
 Eriophyoid mites   act as regulators of plant growth inducing galls (Royalty and 
Perring  1996 ). However, even with a protocol available for the possible collection 
of mite salivary secretions (De Lillo and Monfreda  2004 ), this speculation is still 
awaiting experimental evidence (Felton et al.  2014 ). We encountered contradictory 
evidence in relationship to the occurrence of genes encoding putative CSPs in 
Arachnida. Iovinella and coauthors ( 2013 ) mentioned that   csp  genes   are not found 
in Chelicerata, but Vieira and Rozas ( 2011 ) reported  csp  genes in the deer tick, 
  Ixodes scapularis   .   

16 Salivary Gland Secretions of Phytophagous Arthropods



612

16.3     Salivary Components and the Interaction 
Between Plants and Arthropods During Herbivory 

 Over the time-line of the co-evolution of phytophagous Arthropoda and fl owering 
plants, many strategies have evolved for the adaptation to increasingly variable ter-
restrial habitats while enhancing the reproductive success of the interacting species. 
This “biological warfare” has infl uenced many aspects of the biology of animals 
and plants, including the impacts of the Arthropod’s need to obtain food from pri-
mary autotrophs, thus impacting plant adaptive and reproductive success. Aspects 
of this rivalry can be easily seen as we examine the role(s) of salivary secretions in 
the interaction. 

 We know that plants perceive pathogens, nematodes and arthropod herbivores 
(above and below ground) because transcriptional and even volatile emission 
changes occur in those attacked plants (Carroll et al.  2008 ; Robert et al.  2012  and 
references cited therein). The mechanisms of plant perception of lepidopteran her-
bivores have been extensively studied in  Arabidopsis  and  Nicotiana  and they mostly 
involve the effect of salivary or “regurgitant” components on these plants. Another 
well studied plant-insect interaction is that between the Hessian fl y,   Mayetiola 
destructor    ,  and wheat,  Triticum  spp. This interaction is particularly interesting since 
its pattern is similar to those involving plant-pathogen interactions; that is, the gall 
midge produces proteins that are delivered in the saliva and the plant in turn, 
expresses resistance proteins (R) that prevent disease symptoms (Stuart et al.  2012 ). 

 The cues from bacteria, fungi and nematodes that are perceived by plants have 
been referred as  pathogen-associated molecular patterns (PAMPs)   or  microbe- 
associated molecular patterns (MAMPs)  . The cues from phytophagous arthropods, 
most of salivary origin that are perceived by plants, have been named  herbivore- 
associated molecular patterns (HAMPs)  . More recently, the term “effector” has 
been used (Bos et al.  2010 ) when reference is made only to those herbivore signals 
that interfere with plant defense responses (Felton et al.  2014 ). Upon damage, the 
plant produces or releases different amounts of molecules that may regulate defense 
against herbivory. These endogenous molecules in response to injury are called 
 damage-associated molecular patters (DAMPs)  . It has been pointed out that similar 
to the mammalian response towards hematophagous arthropods, the earliest 
response to plants towards arthropod herbivory involves the release of extracellular 
ATP, the elevation of cytosolic calcium and the production of reactive oxygen spe-
cies (Guiguet et al.  2016 ). In turn, salivary apyrases, calcium-binding proteins and 
 peroxiredoxins   may modulate these early signaling in the plant to achieve success-
ful plant parasitism, especially in gall-inducing and leaf-mining insects (Guiguet 
et al.  2016 ). The action of DAMPs,  HAMPs   and effectors on the plant system is 
very diverse and it is clear that we have not been able to understand completely the 
molecular dynamics underlying the outcome of the plant response. Moreover, in 
natural conditions, plants are attacked simultaneously by herbivores and pathogens 
below and above ground in addition to other biotic and abiotic factors, not even 
excluding endogenous developmental changes with reliance on hormones such as 
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jasmonates (Crozier et al.  2000 ). For a thorough discussion on the ecological impli-
cations and selection forces that may be shaping plant defense and arthropod offense 
in herbivory consult Schaefer and Ruxton ( 2011 ) and the references cited therein. 

 Aphids and whitefl ies infl ict a pathogen-like offense on the plant which is char-
acteristic of local damage and thrips. Components in oral secretions including saliva 
in caterpillars also interfere with the plant defense response (Weech et al.  2008 ; 
Diezel et al.  2009 ). Lepidopteran larvae and beetles elicit the activation of jasmonic 
acid responses leading to the degradation of transcriptional regulators that allow for 
example, the release of volatiles attractive to egg parasitoids or predators (Walling 
 2000 ; Schaefer and Ruxton  2011 ). This is just an example of what has been observed 
in certain plant-arthropod interactions, because the picture is more complicated. 

 Among the many signaling events described for plants attacked by herbivores, 
wounding in plants induces plant polygalacturonase (PG), a hydrolase that digests 
the uronic acid-rich cell wall pectin polysaccharides producing  oligogalacturonides 
(OGAs)   which seem to be signals that elicit plant defense (Bergey et al.  1999 ). 
Necrotrophic pathogens of plants also produce PGs. The activities of enzymes such 
as PGs open the wall polysaccharide network so that the pathogen can (1) grow 
within the host’s tissues and (2) use the sugars released from wall structures to sup-
port their energy needs. In turn, PG-inhibiting proteins (PGIPs)    are produced by 
many plants. Studies of plant PGIPs have shown that the PGIPs are selective inhibi-
tors; they inhibit PGs produced by many fungal and bacterial pathogens (but not all 
pathogens) and inhibit some (but not all) PGs of pathogens that express several 
different PG-encoding genes (Sharrock and Labavitch  1994 ). The expression of a 
‘Bartlett’ pear fruit PGIP-encoding gene in tomato fruit reduces the increase in fruit 
susceptibility to the grey mold (  Botrytis cinerea   ) infection that normally accompa-
nies fruit ripening (Powell et al.  2000 ). PGIPs in the plant tissue seem to elicit a 
defense response against the pathogen (Hammond-Kosack and Jones  2000 ). PG 
activity also has been identifi ed in the salivary secretions of lygus bugs,  L.    hesperus  
  and  L. lineolaris  (Shackel et al.  2005 ; D’Ovidio et al.  2004 ) and micro-injection of 
pure PG into alfalfa fl orets and cotton fl owers causes tissue damage that is visibly 
like that caused by lygus bug feeding on these tissues (Celorio-Mancera et al.  2008 ). 
A detailed examination of the PGs in  L. hesperus  saliva (Celorio-Mancera et al. 
 2009 ) identifi ed fi ve different PG species, both  endo - and  exo- acting. At present, it 
is not clear which of these PGs is/are inhibited by  PGIPs   from different plant 
sources. This set of observations suggests the possibility that molecular or tradi-
tional breeding of crops to develop lines expressing increased levels of PGIPs that 
inhibit lygus bug salivary PGs may result in lines with reduced damage following 
lygus bug feeding. Although both feeding and salivary gland extracts from the 
hemipteran,  L.    hesperus   , induce the emission of plant volatiles (Rodriguez-Saona 
et al.  2002 ), it is unclear which is the specifi c effect of lygus pectinases in the plant 
and whether plant inhibitors of pectinases actually protect the plant from herbivory 
(Fig.  16.3 ).  In vitro  tests of PG’s ability to digest pectins have shown that PGIP 
alters the generation of OGA digestion products so that longer pectin-derived oligo-
saccharides are generated and that these  OGAs   are effective as elicitors of plant 
defense responses to pathogens (Cervone et al.  1989 ; Ridley et al.  2001 ). The 
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 possibility that this change in the size of pectin digestion products and expression of 
defenses occurs  in planta  has been indicated by tests of genetically modifi ed 
  Arabidopsis thaliana    plants (Benedetti et al.  2015 ); whether  PGIPs   can reduce 
herbivore- caused crop damage in the fi eld has not been tested.

   Insect feeding on stored grains and seeds of many legumes can cause important 
postharvest losses of these dietary staples as well as reductions in the quality of the 
seeds needed for future crops. Insects target these plant products because they con-
tain substantial amounts of fi xed atmospheric CO 2 , stored as starch, and amino acids 
that have been incorporated into seed storage proteins. These accumulated nutrients 
are the resources that germinating seeds require as they establish the “next genera-
tion” prior to the seedling’s acquisition of its autotrophic capability. Thus, the her-
bivorous animal and its plant “target” require the same resources. At the biochemical 
level, the insect makes use of α-amylase for harvesting the glucose that has been 
accumulated as starch polymers in seed amyloplasts. The adults often facilitate the 
biochemical interaction by depositing eggs directly on seeds so that larvae have 
easy access to the carbon- and energy-rich resource (e.g., the cowpea weevil, 
  Callosobruchus maculatus    and harvested mungbean seeds; Wisessing et al.  2010 ). 
The interaction is not one-sided in that many seeds, including those of mungbean 
and other common beans, include  α-amylase inhibitors   (α-AIs; Wisessing et al. 
 2010  and references cited therein) as part of the seed’s population of storage proteins. 

  Fig. 16.3    Diagram illustrating a hypothesized plant–arthropod interaction, drawn after the poly-
galacturonase-polygalacturonase inhibiting-protein (PG-PGIP) model. The arthropod delivers 
plant cell wall-degrading enzymes produced in its salivary gland through piercing-sucking mouth-
parts into or in between cell walls. If inhibitors of these enzymes are present in the plant, oligosac-
charides can be signals that bind to receptors initiating the cascade of events in signal transduction 
which may include processes located in chloroplasts and the peroxisomes. The signals induce gene 
regulatory changes in the nucleus that are translated in to plant defense responses deterring 
herbivory       
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The α-AIs of several bean species have been studied; the genes that encode these 
α-AIs have been identifi ed and their inhibition of α-amylases from diverse insect 
sources has been described (e.g., Barbosa et al.  2010 ). These authors described the 
transgenic expression of the gene encoding the   Phaseolus vulgaris    α-AI-1 in   Coffea 
arabica    (coffee, an important crop plant with no natural resistance to the coffee 
berry borer,   Hypotheneumus hampei   ). Protein extracts from the transgenic lines 
gave substantial inhibition of the borer’s α-amylase; tests to determine the ability of 
the transformed coffee plants to limit insect damage are underway. 

 The impact of α-AI proteins on seed longevity/quality can be seen as an example 
of a role played by a “pre-formed” plant defense strategy. An examination of the 
roles of insect proteinases in the “harvesting” of plant amino acids through diges-
tion of seed storage proteins also involves a pre-formed defense strategy in that the 
seeds of several plant species accumulate storage proteins that are inhibitors of 
insect proteinases (Macedo et al.  2011 ). However, this aspect of defense is often 
reinforced by a wound-induced defensive response that involves regulatory roles for 
plant hormone systems and both local and system-wide induction of genes involved 
in “defense” responses to insects, including additional proteinase inhibitors (PIs) 
(Ryan  1990 ; Koiwa et al.  1997 ; Howe and Jander  2008 ). Plants with reduced ability 
to express PI genes in response to insect feeding, either because of mutations that 
impact PI structure or responses to hormonal or other plant signal networks, gener-
ally are impaired in their herbivore defense capability (Howe and Jander  2008 ). For 
example, tomato plants that are exposed to the tobacco hornworm,   Manduca sexta    ,  
normally activate a wound-inducible set of defense genes, including those encoding 
PIs; however, a mutant tomato line with impaired synthesis of the octadecanoid- 
derived hormone jasmonic acid does not express the defense genes and suffers con-
siderably more feeding damage. The authors (Howe et al.  1996 ) proposed the name 
“ defenseless1 ” for this mutated tomato line.  

16.4     Concluding Remarks and Future Perspectives 

 Based on the literature reviewed, we conclude that CSPs and OBPs are components 
of arthropod saliva that may mediate chemical communication between the organ-
isms that participate in herbivory. These proteins may carry chemical cues of plant 
or epiphytic pathogen origin from the plant surface to the insect and have an effect 
on arthropod behavior and/or physiology. There is a great need for understanding 
the interactions between plant and arthropod macromolecules during feeding. We 
consider that the fi eld of cheminformatics and molecular modeling can open new 
options for the discovery of chemical compounds that can target CSPs and OBPs. 
Finding molecules that interact and interfere with these proteins may elucidate their 
function  in vivo  and reveal whether they are involved in chemical communication or 
transport of plant molecules for their catabolism. We summarize in Table  16.1  the 
current knowledge about the occurrence of salivary CSPs at the transcript and pro-
tein levels in Arthropoda (Tree of Life Web Project  1995 ).
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Arthropoda
Salivary 
csp

genes

Salivary 
CSPs

Hexapoda

Collembola ? ?
Protura ? ?
Diplura ? ?

Insecta

Archaeognatha ? ?
Thysanura ? ?

Pterygota

Ephemeroptera ? ?
Odonata ? ?

Neoptera

Plecoptera ? ?
Embiidina ? ?
Phasmida ? ?

Orthoptera ? ?
Mantophasmatodea ? ?

Zoraptera ? ?
Dictyoptera ? ?
Dermaptera ? ?

Grylloblattodea ? ?

Hemipteroid 
assemblage

Psocodea ?! ?!
Thysanoptera Yes ?

Hemiptera Yes Yes

Endopterygota

Megaloptera ? ?
Raphidioptera ? ?

Neuroptera ? ?
Coleoptera ?! ?!

Strepsiptera ? ?
Diptera Yes Yes

Mecoptera ? ?
Siphonaptera ? ?
Trichoptera ? ?
Lepidoptera Yes Yes

Hymenoptera Yes Yes
Crustacea ?! ?

Pauropoda ? ?
Diplopoda ?! ?
Chilopoda ? ?
Symphyla ? ?
Arachnida No? No?
Xiphosura ? ?

Pycnogonida ? ?

   Table 16.1    Occurrence of chemosensory proteins (CSPs) and their coding genes in Arthropoda       

  Those groups highlighted in green indicate that phytophagy is present in one or more species in the 
group. ? = no information available; ?! = CSPs or their genes have been reported for the group but 
whether they are localized in salivary glands is unknown; No? = unclear assessment  
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   Another topic that needs attention is the recurrent suggestion in the literature of 
protein passage from the hemocoel into salivary glands.  Apolipophorins   and storage 
proteins have been considered hemolymph proteins reported in the soluble protein 
fraction of salivary glands or in saliva of several arthropod species (hemipteroids, 
lepidopterans). Chaudhary and collaborators ( 2015 ) have speculated that they may 
interfere with plant immune responses. However, the levels of these proteins were 
observed to be affected in immune-challenged insects (Freitak et al.  2007 ; Lourenĉo 
et al.  2009 ). Therefore, testing the role of apolipophorins in either lipid transport or 
interference with plant lipoprotein metabolism is a plausible idea if indeed these 
proteins are moving from the hemocoel into the glands. Alternatively, are they 
transporting hydrophobic molecules from the plant to the insect for host detection/
preference or relocating them in the animal body for detoxifi cation? 

 The role of saliva during the interaction between gall-inducing arthropods and 
plants is unclear. Growth-inducing effectors or “auxin protectors” are claimed to be 
present in arthropod saliva but no evidence has been accumulated. Inspection of the 
sialotranscriptomes of gall-inducing arthropods other than the Cecidomyiids, e.g. 
the  Cynipids   and  eriophyoid mites  , will be of great value. 

 Finally, we consider that the study of the interaction between arthropod grazers 
and aquatic macrophytes is an interesting and virtually unexplored fi eld. It would be 
intriguing to know how the profi les of the salivary proteomes of these aquatic or 
semiaquatic arthropods that feed on aquatic plants are in comparison to their ter-
restrial counterparts. Moreover, what is the defense response triggered in the aquatic 
plants? We have started to increase our knowledge on this matter; the total amount 
of phenolic compounds and plant toughness increase upon herbivory in the aquatic 
Eurasian water-milfoil,   Myriophyllum spicatum    (Fornoff and Gross  2014 ). 
Nevertheless, can we fi nd homologues for CSPs and OBPs in aquatic lepidopterans 
that feed on aquatic plants? 

 There is a plethora of literature exploring how oral secretions from arthropods 
affect plant defense responses towards herbivory. We can conclude that there is no 
simple answer that allows us to summarize and understand whether plant responses 
are suppressed or induced by the phytophagous parasites. To a certain degree, the 
plant response towards pathogens and arthropods feeding on single-cells or vascu-
lature displays similarities and differences when it is compared to plant responses to 
chewing herbivores. However, in natural conditions the plant is exposed to different 
biotic and abiotic stresses. We consider it important to study natural populations of 
phytophagous Arthropoda and the physiological stage of their host plants in the 
fi eld.     
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    Chapter 17   
 Glandular Matrices and Secretions: 
Blood- Feeding Arthropods                     

     Ben     J.     Mans    

    Abstract     Blood-feeding evolved independently in various arthropod lineages and 
this is evident in the compositions of the secretory component of their salivary gland 
transcriptomes (sialomes). Salivary gland-derived secretory proteins modulate the 
vertebrate host’s defenses (hemostatic and immune responses) and assist the hema-
tophagous arthropod to successfully obtain a blood meal. Salivary proteins not only 
modulate host defenses, but also assist in the creation of a feeding site, or hematoma, 
by secretion of enzymes that can remodel the host’s dermis extracellular matrix. 
The host’s extracellular matrix also plays an important role in the initiation of 
hemostatic and infl ammatory responses and blood-feeding arthropods have evolved 
molecules that specifi cally interfere with these responses. As such, vector- host 
interaction may be seen as interplay between the vertebrate host’s extracellular 
matrix and the salivary-derived “extra-cellular matrix” of the arthropod. Our under-
standing of this interplay is still rudimentary given the fact that we do not know the 
functions of the majority of secretory proteins in all sialomes. The rapid expansion 
of sialome diversity as discovered with next-generation technologies contributes 
towards this, but also holds the promise that we will be able to grasp the structure of 
the sialoverse in the future.  

17.1       Introduction 

  Arthropods are one of  the   most diverse lineages in the Tree of Life and have occu-
pied the majority of environmental and nutritional niches available to complex 
organisms. This includes being  scavengers  ,  predators  , farmers,  pollinators  , soldiers 
and  parasites  . Arthropod parasites may be endo or  ectoparasitic   (parasitism occurs 
outside the host), the latter associated with blood-feeding arthropods.  Hematophagy   
(blood-feeding) evolved at least 20 times independently within the  Arthropoda   
and all lineages found similar but unique strategies to address the same problem, 
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i.e. feeding at the vector-host interface while modulating host defenses (Ribeiro 
 1995 ; Carvalho et al.  2010 ; Mans  2011 ). In the light of multiple independent events 
for the  evolution   of blood-feeding behavior, it is prudent to review the history of 
various arthropod lineages to appreciate the sheer extent of convergence and the 
background from which each lineage adapted to blood-feeding (Fig.  17.1 ).

   Arthropods are composed of four major lineages, the  Chelicerata  ,  Crustacea  , 
 Myriapoda   and  Hexapoda   (Fig.  17.1 ), that shared a common ancestor ~550 million 
years ago (MYA), coinciding with the origins of the vertebrate circulatory system 
(Doolittle and Feng  1987 ; Edgecombe and Legg  2014 ). All lineages are considered 
monophyletic, except for the Crustacea which is paraphyletic, due the Hexapoda 
that seem to derive from a crustacean ancestor (Edgecombe and Legg  2014 ). Of 
these, the Myriapoda ( centipedes   and  millipedes  ) is the only lineage in which blood- 
feeding behavior did not evolve, although centipedes can bite and secrete  venom   
into vertebrates. Centipede venom possess several components that will affect the 
 extracellular matrix   (ECM) of the host, notably  chitinase  ,  hyaluronidase  ,  metallo-
protease   and serine protease activity. The majority of the protein families observed 
are, however, unique attesting to the independent origins of the predatory lifestyle 
of centipedes (Undheim et al.  2014 ). 

 The Chelicerata are composed of  Pycnogonida   (sea  spiders     ),  Xiphosura   ( horse-
shoe crabs  ) and  Arachnida   ( harvestmen  ,  hooded tick spiders  , microwhip  scorpions     , 
 mites  ,  pseudoscorpions  , scorpions, spiders and  sun spiders  ). Like centipedes, the 
venoms of arachnids such as spiders and scorpions possess hyaluronidases, metal-
loproteases and  serine proteases      that targets the ECM of the vertebrate host (Kuhn- 
Nentwig et al.  2011 ; Fry et al.  2009 ). However, these non-blood feeding chelicerates 
are outside the scope of the current review. Blood-feeding evolved at least three 
times in the Chelicerata, all in the  Acari  : Once within the  trombidiform mites      
(Acariformes) (Bochkov et al.  2008 ), once within the ticks (Parasitiformes:  Ixodida  ) 
(Mans et al.  2011 ,   2012 ) and once, but probably multiple times in the  dermanyssid 
mites   (Parasitiformes:  Mesostigmata  ) (Radovsky  1969 ). 

 The Crustaceans are composed of a diverse array of organisms that include  crabs  , 
 crayfi sh  ,  krill  ,  lobsters  ,  shrimps  ,  woodlice   and  tongue worms  . Blood-feeding behav-
ior evolved at least three times in the  Crustacea  , in  copepods   ( Copepoda  ) and  iso-
pods   ( Malacostraca  ) that parasitize fi shes, and tongue worms ( Pentastomida  ) that 
parasitize  mammals   and reptiles (Klompmaker and Boxhall  2015 ). Very little is 
known regarding the blood-feeding biology and the molecular mechanisms under-
lying parasite-host interactions of these crustaceans (Eichner et al.  2008 ), and will 
not be further discussed. 

 The  Hexapoda   ( Insecta  ) include the  alder fl ies  , bark  lice     , beetles,  butterfl ies   and 
 moths  ,  snake fl ies  ,  fl eas  ,  lacewings  ,  wasps  ,  true fl ies  ,  thrips  ,  true bugs  ,  true lice   and 
twisted wings. Blood-feeding evolved several times in the insects, once in fl eas 
( Siphonaptera  ), once in the true lice ( Phthiraptera  ), once in the bedbugs ( Hemiptera  : 
 Cimicidae  ), probably twice in the  triatomines   (Hemiptera:  Reduviidea  ), at least fi ve 
times in the  Nematocera   ( Diptera  ) and fi ve times in the  Brachycera   (Diptera) and 
once in moths ( Lepidoptera  :  Calyptra  ) (Ribeiro et al.  2010a ; Schofi eld and Galvão 
 2009 ; Grimaldi and Engel  2010 ; Mans  2011 ; Hwang and Weirauch  2012 ). The pos-
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sibility that blood-feeding evolved only once in triatomines, nematocera and brachy-
cera, respectively, has also been considered (Weirauch and Munro  2009 ; Grimaldi 
and Engel  2010 ; Patterson and Gaunt  2010 ; Ribeiro et al.  2010a ; Hwang and 
Weirauch  2012 ). 

 Blood-feeding is estimated to have evolved at different periods for different lin-
eages. Within the chelicerates ( Acari)   it has been estimated to have evolved ~320–
290 MYA in ticks (Mans et al.  2011 ,  2012 ), ~37 MYA in  trombiculid mites      (Shatrov 
and Kudryashova  2006 ; Jeyaprakash and Hoy  2009 ) and <65 MYA in the 
 Dermanyssina   (Klompen et al.  2007 ). Blood-feeding in the acariformes and  meso-
stigmata   therefore only evolved after radiation of the major extant mammalian lin-
eages that occurred 65 MYA, while ticks evolved blood-feeding during the time of 
diversifi cation of  diapsid  ,  synapsid   reptiles and  tetrapods   that preceded modern rep-
tiles, dinosaurs and  mammals   (Mans et al.  2012 ). The majority of insects including 
cimicid bugs, fl eas,  lice  , nematoceran fl ies and some brachycerans ( Rhagionidae  , 
 Tabanidae  ) evolved blood-feeding in the  Late   Jurrassic-Early  Cretaceous   (250–150 
MYA). The  moths   and some brachycerans (Calyptrata) evolved blood-feeding much 
later in the Tertiary (<65 MYA) (Grimaldi and Engel  2010 ). While the  Reduviidae   
are old with fossils and molecular clock analysis placing their origin at >175 MYA, 
the origin of blood-feeding lineages seem to have occurred only in the  Oligocene   or 
 Miocene   (~12–32 MYA) (Patterson and Gaunt  2010 ; Hwang and Weirauch  2012 ; 
Ibarra-Cerdeña et al.  2014 ). 

 The vertebrate circulatory system evolved at least 450 MYA and this was well 
established in its current form by the time that  mammal   and  avian   lineages had 
diverged by ~250 MYA (Doolittle and Feng  1987 ; Ribeiro et al.  2015c ). The verte-
brate blood system was therefore present at the times that major arthropod lineages 
originated and diverged. Blood-feeding evolved not because a new food niche was 
established, but perhaps as the inevitable consequence of the availability of an 
accessible diet in the form of the vertebrate blood system. This food source can 
replenish itself on a regular basis, providing a virtually unlimited source of nutrients 
there for the taking, if host defenses can be neutralized. Blood-feeding arthropods 
evolved extensive repertoires of salivary gland–derived molecules that can modu-
late host immune responses and the diversity observed in these  sialomes   (molecules 
secreted during feeding) are testament to the convergent evolution that occurred in 
the face of a common goal, to obtain a blood-meal (Mans  2011 ).  

17.2     The   Vector-Host Interphase   

 Interaction with the vertebrate host occur via the  skin  . To access a blood-meal, 
arthropods has to breach the vertebrate skin by cutting, piercing or biting. The man-
ner in which the skin is broken determine the depth of penetration and the extent of 
damage caused by the arthropod as well as its interaction with the vertebrate ECM 
(Fig.  17.2 ). The mouthparts of all blood-feeding arthropods have evolved in unique 
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ways to allow rupture of the host’s skin. In insects all piercing–sucking mouthparts 
evolved from  mandibles  ,  maxillae   and the  lacinae  , while in arachnids it evolved from 
the  chelicerae   and a unique organ in ticks, the  hypostome   (Krenn and Aspöck  2012 ).

   The simplest and perhaps most primitive manner of feeding is biting, cutting or 
scraping of the host skin from which blood then oozes and is sucked up. This behav-
ior is found in  snipe fl ies   ( Rhagionidae  ) (Nagatomi and Soroida  1985 ). Arthropods 
may also cut, pierce or tear the  skin   and insert a  proboscis   in the case of insects or a 
 hypostome   in the case of ticks. During initial feeding, the arthropod may move the 
proboscis or  hypostome   up and down in a probing manner. This continued move-
ment accompanied by cutting, ruptures cells and capillary vessels forming a site of 
injury into which cellular fl uids and blood collect, called a  hematoma   (Ribeiro 
 1995 ). Some arthropods will expand this hematoma by secreting matrix modifying 
enzymes, anti-hemostatic and anti-infl ammatory molecules to ensure a constant 
accumulation of blood. Secretion of  saliva   also reduce probing time allowing for 
shorter host interaction periods (Ribeiro and Garcia  1981 ; Ribeiro  2000 ). 

 For arthropods with short mouthparts, the hematoma forms under the  epidermis   
and this is found in  biting midges   ( Ceratopogonidae  ) (McKeever et al.  1988 ),  black 
fl ies   ( Simulliidae  ), some  mosquitoes   ( Culicidae  ), deer and  horse fl ies   ( Tabanidae  ), 
some  louse fl ies   ( Hippoboscidae  ),  tsetse fl ies   ( Glossinidae  ),  sand fl ies   ( Psychodidae  ) 
and  stable fl ies   ( Stomoxinae  ) (Krenn and Aspöck  2012 ). 

 Some insects have long piercing  proboscis   or stylets that they use to probe, fi nd 
and insert directly into a blood vessel to obtain blood. This feeding mechanism is 
observed in  assassin bugs   ( Reduviidae  ),  bed bugs   ( Cimicidae  ),  fl eas   ( Anoplura   and 
 Siphonaptera  ),  lice   ( Phthiraptera  ), some  louse fl ies   (Hippoboscidae) and mosqui-
toes (Culicidae) (Krenn and Aspöck  2012 ). 

 In the case of ticks, their  hypostomes   may be short or long and the hematoma 
may be formed at different depths. All hypostomes have serrated teeth and cutting 
into the  skin   will cause signifi cant damage to the tissues around it (Sonenshine 
 1991 ; Coons and Alberti  1999 ; Sonenshine and Roe  2014 ). The length of the hypo-
stome depends on the life stage of the tick, with larvae generally having mouth-
parts ~ 50–100 μm, while nymphs may be similar or twice as long, and adults 

  Fig. 17.2    Different modes of feeding and creation of the  hematoma   in insects and ticks. Indicated 
are surface feeders, insects that create a hematoma just beneath the  epidermis  , insects that feed 
from a blood vessel and ticks that create a larger  hematoma   in the  dermis         
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ranging from 200 to 1200 μm (Kröber and Guerin  2007 ). Some genera ( Dermacentor , 
  Rhipicephalus   ,  Haemaphysalis ) have very short mouthparts and rarely penetrate 
below the epidermis. The average thickness of the epidermis may be 50 μm and the 
hypostome may only extend into the  Malphigian layer   ( stratum basale  ) (Moorhouse 
and Tatchell  1966 ). Depth of penetration in this case does not depend on the length 
of the  hypostome   since all life stages reach the same depth. These ixodids secrete 
copious amounts of  cement   that encapsulate the hypostome and help to anchor it 
and may extend into the dermis, where the hematoma is formed. A signifi cant part 
of the cement cone may form on the surface of the feeding site, which may explain 
the uniformity of penetration (Moorhouse and Tatchell  1966 ). For ticks with longer 
mouthparts, the hypostome may extend well into  the    dermis   and for metastriates in 
this group ( Amblyomma ,  Hyalomma ) can form large cement cones deep in the skin, 
with little cement on the surface (Moorhouse and Tatchell  1966 ; Balashov  1972 ; 
Kemp et al.  1982 ). The cement binds tightly with components of the  epidermis   and 
dermis and are usually left behind after feeding is completed (Moorhouse and 
Tatchell  1966 ). Prostriates (  Ixodes )   may or may not secrete cement, depending on 
the species (Balashov  1972 ).  Argasids   and the  Nuttalliellidae   does not secrete 
cement during feeding, but it has been argued that the larvae may secrete cement 
(Mans et al.  2012 ) .  

17.3     The Host  Skin and Defense Responses 

 The vertebrate skin serves as fi rst line of defense to foreign invasion and is the pri-
mary site of interaction with ecto- parasites  . Skin differs in thickness between spe-
cies and body location, but all are composed of the  epidermis   (outer layer), the 
 dermis   and the  hypodermis  , the latter composed of a fat layer for body insulation. 
The epidermis may be a thick keratinized, stratifi ed, squamous epithelium com-
posed of fi ve layers or may lack some of the layers and be thinner. The layers include 
at the bottom, the  stratum basale   that lies on a basement membrane that separate the 
epidermis and dermis, followed by the  stratum spinosum  ,  stratum granulosum  ,  stra-
tum lucidum   and  stratum corneum   (the upper layer composed of dead keratinized 
cells) (Lai-Cheong and McGrath  2009 ). The dermis contains the blood and lym-
phatic vessels, nerves, sweat glands and connective tissue. The connective tissue 
may contain both loose and dense irregular connective tissue (Xue and Jackson 
 2015 ). Blood-feeding arthropods will predominantly interact with the epidermis 
and dermis, where blood vessels are located and lacerated, where the  hematoma   
forms and where infl ammation occurs as a response to feeding (Fig.  17.2 ). The der-
mis may be considered as an extensive ECM of connective tissue traversed by blood 
and lymphatic vessels. During infl ammation, immune cells traverse the blood and 
lymphatic vessel walls and enter the ECM. Infl ammatory reactions including  edema     , 
 pain  ,  itching      and  swelling   also occurs within the ECM and it may therefore be con-
sidered that vector-host interactions are primarily an interplay between the 
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vertebrate ECM found in the dermis and the salivary gland derived “ECM” of the 
blood-feeding arthropod. 

 The connective tissue in the dermis ECM is composed of a variety of proteins 
including  collagens  ,  elastin  ,  fi brillin  ,  fi bronectin  ,  vitronectin  ,  laminins  ,  thrombos-
pondins  ,  tenascins  ,  osteonectin  , and a variety of proteoglycans and polysaccharides 
such as  hyaluronic acid   (Bosman and Stamenkovic  2003 ; Xue and Jackson  2015 ). 
Together these form a complex network that function as structural scaffold that sup-
ports blood and lymphatic vessels. Cells regularly found within the  dermis   includes 
 adipocytes  ,  fi broblasts   and  macrophages  . The components of the ECM not only 
play a structural role, but function in  wound healing  , hemostasis, cell interaction 
and cell migration (Bosman and Stamenkovic  2003 ; Xue and Jackson  2015 ). 

 The feeding time of insects are short (seconds to minutes), while those of 
nymphal and adult soft ticks (Argasidae) are generally within minutes or rarely 
hours (Balashov  1972 ). Argasid larvae may not feed at all, or feed for short (min-
utes) or long periods (4–7 days) depending on the species (Balashov  1972 ; 
Sonenshine  1991 ). The life stages of all hard ticks (Ixodidae) feed for prolonged 
periods that may last from 4 to 12 days and is characterized by a slow feeding phase 
of several days, followed by a rapid engorgement phase that generally take 1–2 days 
(Balashov  1972 ; Sonenshine  1991 ). This imply that short and long feeders will 
interact with the ECM to different extents. Short feeders need to establish a hema-
toma as fast as possible, while long feeders such as ixodids, can progressively mod-
ify the  hematoma   in preparation for the fast feeding event. Because ixodids feed so 
long, they have to deal with the cutaneous wound healing responses of the host as 
well as cellular immune responses (Francischetti et al.  2005a ,  2009 ). The  wound 
healing   process may be divided into three main phases: the  infl ammatory phase  , the 
 proliferative phase   and the  remodeling phase   (Xue and Jackson  2015 ). Short feeders 
only deal with the infl ammatory phase, while ixodids and argasid larvae have to face 
the proliferative and remodeling phases as well. 

 The  infl ammatory phase   spans the fi rst 5 days after injury and is initiated at the 
moment of injury or the start of feeding for arthropods. The peak of this response 
occurs within minutes to hours and includes the immediate arrest of blood-loss via 
the hemostatic system ( blood clotting cascade  ,  platelet aggregation   and  vasocon-
striction  ) and innate immune responses facilitated by the infi ltration of  basophils  , 
 macrophages  ,  monocytes    and   neutrophils into the site of injury (McCarty and 
Percival  2013 ; Xue and Jackson  2015 ). The  proliferative phase   follows and starts 
from day 2–3 and may last up to 10 days. This phase is characterized by intense 
proliferation of endothelial cells, fi broblast accumulation,  collagen   and matrix 
 metalloprotease   synthesis that leads to re-epithelialization, ECM formation,  angio-
genesis   and removal of the blood clot and scab. Angiogenesis, the formation of new 
capillary blood vessels, play an important role by providing nutrients to the prolif-
erating cells and for synthesis of the ECM components (McCarty and Percival  2013 ; 
Xue and Jackson  2015 ). The remodelling phase occurs from day eight and may last 
up to 14 days to months depending on the damage. This is characterized by collagen 
accumulation, remodelling of the ECM,  wound contraction  , cross-linking of collagen 
fi bers and  scar formation   (McCarty and Percival  2013 ; Xue and Jackson  2015 ). 
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Most ixodids will complete feeding before the start of this phase and do not need to 
deal with this. However, one-host ticks such as members of the former genus 
 Boophilus  (syn.   Rhipicephalus   ) and two-host ticks (some  Hyalomma  and 
 Rhipicephalus  species) that complete all or two life stages while attached to the host 
will need to deal with this phase, since they may feed up to 14–28 days (Balashov 
 1972 ; Sonenshine  1991 ).       

17.4     Arthropod Modelling of the Host Matrix 

 One of the aims of the formation of the  hematoma   is the generation of a space into 
which blood can collect in suffi cient volumes to satisfy the needs of the feeding 
arthropod. For some arthropods that feed directly from blood vessels, formation of 
the hematoma is not that important. However, for others that needs pooled blood, 
formation of the hematoma must be accompanied by changes in the vertebrate 
ECM. The probing phase of feeding is important, since this period allow arthropods 
to explore the  dermis  , fi nd and rupture blood vessels and determine whether the site 
is suitable for the formation of the hematoma (Friend and Smith  1977 ). Probing 
accompanied by secretion of  saliva   also allows arthropods to dispense adequate 
quantities of bioactive components into the surrounding environment to attain a 
localized area in which the host’s defense mechanisms can be modulated. In ticks 
this is taken even further by aggregation behavior during feeding, that allows mul-
tiple ticks to feed within the same vicinity, thereby contributing  en masse  to sup-
pression of host defenses over a much larger area of feeding (Sonenshine  2004 ). 
Male ticks that do not in general feed to repletion, also show co-feeding and aggre-
gation behavior aimed at the creation of a communal feeding foci, by secretion of 
 saliva   into the feeding site (Wang et al.  1998 ). It may not be surprising that several 
molecules secreted by blood-feeding arthropods can directly remodel the ECM of 
the  dermis   or interfere with ECM function. While no specifi c protease directed 
against  collagen   has been identifi ed in saliva or salivary glands of any hematopha-
gous arthropods (Francischetti et al.  2003 ), other enzymes such as  hyaluronidases  , 
 metalloproteases   and  chitinases   have been identifi ed. 

17.4.1      Hyaluronidases   

 Hyaluronidases are generally found in arthropod  venoms   where they act as  spread-
ing factors   to increase dissemination of venom at the bite site (Kreil  1995 ). In 
blood-feeding they act to “spread” anti-hemostatic and immune-modulators and 
increase the feeding site since  hyaluronic acid   confers the majority of the permea-
bility characteristics to the ECM of the dermis due its hydrodynamic properties 
(Toole  2000 ). Hyaluronidase is present in the  saliva   of the argasid   Ornithodoros 
savignyi    and the ixodid   Amblyomma hebraeum    (Neitz et al.  1978 ). It was found in 
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a number of blood-feeding insects (Charlab et al.  1999 ; Ribeiro et al.  2000 ,  2004a ; 
Cerná et al.  2002 ; Campbell et al.  2005 ; Volfova et al.  2008 ). This includes biting 
 midge   (  Culicoides kibunensis    , Cu. sonorensis ), blackfl ies (  Eusimilium latipes   , 
  Odagmia ornata    and   Simulium vittatum   ),  cat fl ea   (  Ctenocephalides felis   ), deer fl y 
(  Chrysops viduatus   ), horse fl y (Xu et al.  2008 ), mosquito (  Culex quinquefasciatus   ), 
 frog biting midges   and sand fl y (  Lutzomyia longipalpis   , and   Phlebotomus duboscqi    , 
Ph. halepensis ,     Ph. papatasi ,     Ph.    perniciosus    and  Ph. sergenti )    (Ribeiro et al. 
 2014a ). Substrate specifi city indicate that sandfl y hyaluronidases are similar to that 
of Hymenoptera venom and mammalian sperm that functions as endo-N- 
acetylhexosaminidases (Cerná et al.  2002 ). Interestingly, no activity was found in 
the  kissing bug   (  Rhodnius prolixus   ),  mosquitoes   (  Aedes aegypti    and   Anopheles ste-
phensi   ), tsetse fl y (  Glossina fuscipes   ), stable fl y (  Stomoxys calcitrans   ) and  human 
louse   (  Pediculus humanus   ) (Ribeiro et al.  2000 ; Volfova et al.  2008 ). The majority 
of these do not feed from  hematomas   but either cannulate blood vessels (kissing 
bugs and mosquitoes) or feed by cutting the  skin   and feeding from shallow hemato-
mas (tsetse fl y, stable fl y). Not all blood-feeding arthropods may therefore need 
extensive ECM remodeling. It should be noted that hyaluronidase transcripts have 
been found in salivary gland transcriptomes of the tsetse fl y  G. morsitans morsitans  
(Alves-Silva et al.  2010 ), so the ability to remodel the ECM may be species 
dependent.     

17.4.2      Proteases    

 A variety of proteases have been identifi ed in salivary gland transcriptomes. These 
include  serine proteases   in  assassin bugs   (Amino et al.  2001 ; Santos et al.  2007 ; 
Assumpção et al.  2008 ,  2012a ; Kato et al.  2010 ; Bussacos et al.  2011a ; Schwarz 
et al.  2014 ),  bed bugs   (Francischetti et al.  2010 ),  biting midges   (Russell et al.  2009 ), 
 black fl ies   (Andersen et al.  2009 ; Chagas et al.  2011 ),  horse fl ies   ( Ribeiro et al. 
2015a ),  mosquitoes   (Calvo et al.  2009a ,  2010a ),  stable fl ies   (Wang et al.  2009 ), 
 tsetse fl ies   (Alves-Silva et al.  2010 ) and ticks (Nene et al.  2002 ; Ribeiro et al.  2006 , 
 2011 ; Batista et al.  2008 ; Francischetti et al.  2008a ). While the molecular function 
of most of these proteases has not been elucidated yet, it is likely that they function 
in ECM remodeling. In some cases, serine proteases have been implicated in the 
activation of  plasminogen   or protein C that will result in anti-infl ammatory or anti- 
coagulant activity (Pichu et al.  2014 ). An interesting case of a non-trypsin-like ser-
ine protease is that of longistatin, a double-domain EF-hand protein from the hard 
tick   Haemaphysalis longicornis   , which activates plasminogen and exhibits serine 
protease activity (Anisuzzaman et al.  2010 ,  2011 ,  2012 ), with the implication that 
other protein families may also exhibit protease activity that can affect the ECM. 

 In both hard and soft tick  sialomes   extensive expansion of the metalloproteases 
have been observed, which is not seen in insect sialomes (Mans  2011 ; Mans et al. 
 2008a ,  2016 ). The majority of tick  metalloproteases   have no known function. 
However, metalloproteases that acts  as    fi brin(ogen)lytic   enzymes targeting both 
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 fi brinogen   and  fi brin   have been characterized in the ixodid   Ixodes scapularis    
(Francischetti et al.  2003 ). Another metalloprotease was shown to degrade integrin 
α 5 β 1  but not α v β 5 , α v β 3 , α 9 β 1  and α 2 β 1  (Francischetti et al.  2005a ). In this role it inhib-
its  angiogenesis   and  endothelial cell proliferation   and would directly affect the 
infl ammatory and  proliferative phase   of  wound healing  , since α 5 β 1  is the receptor 
for  fi bronectin   that play a central role in angiogenesis (Kim et al.  2000 ).      

17.4.3      Chitinases   

  Cement   is secreted in soluble form, but hardens once secreted into the feeding site 
and interact strongly with the vertebrate ECM (Moorhouse and Tatchell  1966 ; 
Sonenshine  1991 ). Chitinase secreted during tick feeding, may play an important 
role in maintaining the integrity of cement or during its formation (Kim et al.  2014 ). 
Suppression of chitinase expression led to ticks that can easily detach, while the 
feeding site were prone to bleeding (Kim et al.  2014 ). The cement cone is composed 
of glycine and proline rich proteins, lipoproteins in the core of the sheath and gly-
coproteins on the outside (Moorhouse and Tatchell  1966 ; Maruyama et al.  2010 ). 
There is not much evidence for the presence of D-N-acetylglucosamine, the build-
ing block of chitin, in the cement cone. However, D-N-acetylglucosamine is one of 
the building blocks of hyaluronan in the vertebrate  dermis  . The chitin-binding 
domain of human chitinase can bind to hyaluronan (Ujita et al.  2003 ). The structure 
of bee  venom    hyaluronidase   is also similar to that of bacterial chitinase (Marković- 
Housley et al.  2000 ). The probability that tick chitinase remove or remodel hyaluro-
nan to allow tick  cement   to bind and interact with the connective tissue should be 
considered (Lee et al.  2011 ). Similarly, a large number of proteins with chitin- 
binding domains exist in tick salivary transcriptomes. These most probably play an 
important role in interacting with the vertebrate ECM. Similarly, chitinases are 
found in salivary transcriptomes from  biting midges   (Campbell et al.  2005 ),  frog 
biting midges   (Ribeiro et al.  2014a ) and  mosquitoes   (Calvo et al.  2004 ,  2009a , 
 2010a ; Ribeiro et al.  2004a ).      

17.5     Arthropod Modulation of Host Defenses 

 Beyond modeling of the vertebrate ECM contained in the dermis, arthropods secrete 
a variety of molecules that do not specifi cally interact with the ECM of the dermis 
itself, but targets vertebrate defense mechanisms such as the hemostatic and immune 
systems that do interact with the ECM (Fig.  17.3 ). This ensures that blood does not 
clot and platelets do not aggregate within the  hematoma   and ECM and impede 
blood-feeding. This also assists in shortening the probing time of blood-feeding 
insects before they fi nd a blood vessel (Ribeiro et al.  1984a ).
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17.5.1          Platelet Aggregation   

 When arthropods probe and lacerate capillary vessels and cells,  collagen   from the 
ECM is exposed and function to bind and activate platelets in  mammals  , or throm-
bocytes in birds and reptiles. Binding may occur via the  von Willebrand’s receptor   
(GPIb-IX-IV) that binds to  von Willebrand’s factor   (vWf) bound to collagen, or via 
integrin α 2 β 1  or GPVI (Fig.  17.3 ). vWf rapidly binds to exposed collagen and binds 
platelets effectively under high shear conditions found close to the vessel wall and 
leads to outside-in signaling that results in  platelet activation   (Jurk and Kehrel  2005 ). 

  Fig. 17.3    Inhibition of the vertebrate host’s hemostatic and infl ammatory responses by blood- 
feeding arthropods.  Platelet aggregation   mediated by various agonists are indicated at the  top , 
while blood-coagulation and infl ammatory responses are indicated at the  bottom . Different classes 
of modulators are indicated to have an inhibitory effect and include enzymes that inactivate ago-
nists, kratagonists that scavenge agonists, inhibitors that either inhibit enzymes, or block receptors, 
or block agonists and antagonists that induce antagonistic signals       
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Integrin α 2 β 1  (GPIa/IIa) does not function explicitly under high shear conditions, but 
is important to assist in adhesion to collagen as well as platelet spreading. It func-
tions in a secondary capacity, since it fi rst needs to be activated via inside-outside 
signaling (Jurk and Kehrel  2005 ). GPVI binds directly to collagen via the Gly-Pro-
Hyp ((GPO)n) repeats found in collagen and also leads to platelet activation via 
outside-in signaling. All three receptors are important for normal hemostasis and 
disruption of their functions will prevent platelet activation. Collagen-induced 
platelet activation results in release of platelet α-granules and dense granules and 
the synthesis and release of  thromboxane A 2    (TXA 2 ) from membrane bound  arachi-
donic acid   (Fig.  17.3 ). α-Granules contain various proteins involved in hemostasis 
and infl ammation, notably vWf,  vibronectin  , factor  V  , MIP-  1α   (CCL3),  platelet fac-
tor 4      (CXCL4),  platelet-derived growth factor     ,  P-selectin   (CD62P), CD40L 
(CD154),  RANTES      (CCL5),  insulin-like growth factor 1      and  interleukin-1   (IL-1) 
(Thomas and Storey  2015 ). Dense granules contain adenosine diphosphate (ADP), 
adenosine triphosphate (ATP) and  serotonin  . Both ADP and serotonin bind to their 
own receptors on the platelet surface initiating their own signal transduction cas-
cades that activate platelets resulting in an amplifi cation cascade (Thomas and 
Storey  2015 ).  Platelet activation   is accompanied by shape change and pseudopod 
formation and the outside-in activation of integrin α IIb β 3  (GPIIbIIIa) (Fig.  17.3 ). 
Integrin α IIb β 3  undergoes a conformation change that allows binding to soluble 
 fi brinogen   and this serves to cross-link activated platelets that results in the phenom-
enon of platelet aggregation (Jurk and Kehrel  2005 ). A variety of inhibitors of plate-
let aggregation from blood-feeding arthropods has been described (Tables  17.1A  
and  17.1B ).

    The secondary role that  collagen   play in platelet aggregation can be observed by 
the prolonged time it takes for collagen (~1 min) to induce platelet aggregation  in 
vitro  and the fact that  scavengers   of ADP and TXA2 can completely abolish colla-
gen mediated platelet aggregation (Mans et al.  1998a ; Francischetti et al.  2000 ; 
Mans and Ribeiro  2008a ; Assumpção et al.  2010 ; Ma et al.  2012 ). However, the 
important role that collagen play in the initiation of hemostasis is emphasized by the 
inhibitors that specifi cally or indirectly target this molecule.  Aegyptin   from the 
mosquito  Ae. aegypti , binds directly to collagen and prevent interaction with vWf, 
GPVI and α 2 β 1  (Calvo et al.  2007a ). Aegyptin knockout in transgenic  mosquitoes   
signifi cantly increase probing time and impaired effi cient feeding and blood meal 
volumes (Chagas et al.  2014a ).  Aegyptin   specifi cally binds to the vWf recognition 
site (RGQOGVMGF) in collagen and can prevent carotid thrombus formation and 
can also interact with the (GPO)n motif important for GPVI binding, and GFOGER 
important for recognition by α 2 β 1  (Calvo et al.  2009b ). Targeting of the vWf interac-
tion site may be expected for an arthropod that rupture and feeds from a blood ves-
sel and would need to prevent binding of vWf to exposed collagen and adhesion of 
platelets under high shear conditions.  Anopheline antiplatelet protein (AAPP)  , an 
abundant salivary molecule has been described from  An. stephensi  that is able to 
inhibit GPVI and α 2 β 1  interaction with collagen and inhibit collagen-induced plate-
let aggregation (Yoshida et al.  2008 ). The C-terminal region corresponding to exon 
3–4 has been shown to be the active domain responsible for binding to collagen of 
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   Table 17.1A     Platelet aggregation   inhibitors from ticks   

 Species  Name  Target  Family  Reference 

  Ornithodoros 
moubata  

 Apyrase  ATP, ADP  5′-NT  Ribeiro et al. ( 1991 ), 
Díaz-Martín et al. ( 2015 ) 

   Ornithodoros 
savignyi    

 Apyrase  ATP, ADP  5′-NT  Mans et al. ( 1998a ,  b ), 
Stutzer et al. ( 2009 ) 

  Argas 
monolakensis  

  Apyrase    ATP, ADP  5′-NT  Mans et al. ( 2008b ) 

   Ixodes scapularis     Apyrase  ATP, ADP  5′-NT  Ribeiro et al. ( 1985 ), 
Stutzer et al. ( 2009 ) 

   Ornithodoros 
moubata    

  Moubatin    TXA2  Lipocalin  Waxman and Connolly, 
( 1993 ), Keller et al. ( 1993 ), 
Mans and Ribeiro ( 2008a ) 

   Ornithodoros 
savignyi    

  TSGP2/3    TXA2  Lipocalin  Mans and Ribeiro, ( 2008a ) 

  Ornithodoros 
moubata  

 TAI  α2β1  ND  Karczewski et al. ( 1995 ) 

   Ornithodoros 
moubata    

  Disagregin    αIIbβ3  BPTI  Karczewski et al. ( 1994 ) 

   Ornithodoros 
savignyi    

  Savignygrin    αIIbβ3  BPTI  Mans et al. ( 2002a ) 

  Argas 
monolakensis  

  Monogrin    αIIbβ3  BPTI  Mans et al. ( 2008b ) 

  Dermacentor 
variabilis  

  Variabilin    αIIbβ3   Ixodegrins    Wang et al. ( 1996 ), 
Francischetti et al. ( 2005b ) 

   Amblyomma 
americanum    

 AamS6   Plasmin    Serpin  Mulenga et al. ( 2013 ) 

  Amblyomma 
americanum  

 AAS19  Thrombin  Serpin  Kim et al. ( 2015 ) 

   Haemaphysalis 
longicornis    

 Longicornin   Collagen    ND  Cheng et al. ( 1999 ) 

   Ixodes ricinus      IRS-2     Cathepsin G    Serpin  Chmelar et al. ( 2011 ) 
  Ixodes scapularis   YY-39  αIIbβ3   Ixodegrins    Francischetti et al. ( 2005b ), 

Tang et al. ( 2015 ) 
  Dermacentor 
reticulatus  

 SHBP   Serotonin    Lipocalin  Sangamnatdej et al. ( 2002 ) 

  Ornithodoros 
savignyi  

 TSGP1  Serotonin  Lipocalin  Mans et al. ( 2008c ) 

  Argas 
monolakensis  

 Monotonin  Serotonin  Lipocalin  Mans et al. ( 2008c ) 

  Ixodes scapularis   IS-14  Serotonin  Lipocalin  Mans et al. ( 2008c ) 
 IS-15  Serotonin  Lipocalin 

  Indicated are the common name for the platelet aggregation inhibitors, its molecular target and the 
protein family to which they belong. ND – not determined  
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   Table 17.1B     Platelet aggregation   inhibitors from insects   

 Species  Name  Target  Family  Reference 

   Aedes aegypti      Aegyptin    Collagen  30 kDa  Calvo et al. 
( 2007a ) 

   Anopheles 
stephensi    

 AAPP  Collagen  30 kDa  Yoshida et al. 
( 2008 ) 

   Simulium 
nigrimanum    

  Simplagrin     Collagen    30 kDa  Chagas et al. 
( 2014b ) 

  Aedes aegypti   Apyrase  ATP, ADP  5′-NT  Champagne et al. 
( 1995a ) 

  Aedes albopictus   Apyrase  ATP, ADP  5′-NT  Dong et al. 
( 2012 ) 

   Anopheles 
gambiae    

 Apyrase  ATP, ADP  5′-NT  Lombardo et al. 
( 2000 ) 

  Triatoma infestans   Apyrase  ATP, ADP  5′-NT  Faudry et al. 
( 2004 ) 

   Tabanus yao     Apyrase  ATP, ADP  5′-NT  An et al. ( 2011 ) 
  Glossina 
morsitans  

 Apyrase  ATP, ADP  5′-NT  Caljon et al. 
( 2010 ) 

   Cimex lectularius     Apyrase  ATP, ADP  Cimex  Valenzuela et al. 
( 1998 ) 

   Phlebotomus 
papatasi    

 Apyrase  ATP, ADP  Cimex  Valenzuela et al. 
( 2001 ) 

  Xenopsylla 
cheopis  

 Apyrase  ATP, ADP  CD39  Andersen et al. 
( 2007 ) 

   Ctenocephalides 
felis    

  Apyrase    ATP, ADP  CD39  Ribeiro et al. 
( 2012a ) 

   Rhodnius prolixus     PAI1, PAI2  ADP  Lipocalin  Francischetti 
et al. ( 2000 ) 

   Dipetalogaster 
maxima    

 DMAV  Superoxide   Antigen 5    Assumpção et al. 
( 2013 ) 

  Triatoma infestans   TIAV  Superoxide  Antigen 5  Assumpção et al. 
( 2013 ) 

  Triatoma infestans    Triplatin    TXA2  Lipocalin  Ma et al. ( 2012 ) 
   Triatoma 
pallidipennis    

  Pallidipin    TXA2  Lipocalin  Assumpção et al. 
( 2010 ) 

  Dipetalogaster 
maxima  

  Dipetalodipin    TXA2  Lipocalin  Assumpção et al. 
( 2010 ) 

  Anopheles 
stephensi  

 AnSt-D7L1  TXA2  D7  Alvarenga et al. 
( 2010 ) 

  Dipetalogaster 
maxima  

 Dipetalodipin  HETE  Lipocalin  Assumpção et al. 
( 2010 ) 

  Rhodnius prolixus   ABP  Biogenic 
amines 

 Lipocalin  Andersen et al. 
( 2003 ) 

   Anopheles 
gambiae    

 D7r1-D7r4  Biogenic 
amines 

 D7/OBP  Calvo et al. 
( 2006 ) 

(continued)
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AAPP and is composed of two tightly packed anti-parallel α-helices, while the rest 
of the structure seems unordered (Hayashi et al.  2013 ; Sugiyama et al.  2014 ). AAPP 
and aegyptin belongs to the 30 kDa mosquito protein family and the same C-terminal 
region has been shown to be important for interaction of  aegyptin   and  collagen   
(Ribeiro et al.  2007 ; Calvo et al.  2009b ), and will probably have a similar structure 
as well. Surprisingly, targeting of vWf binding to collagen is also found in the black 
fl y,  Si. nigrimanum  that secrete  Simplagrin  , that specifi cally binds to the vWf rec-
ognition site (RGQOGVMGF) and inhibit platelet adhesion under high shear condi-
tions, but does not inhibit interaction of GPVI and α 2 β 1  with collagen (Chagas et al. 
 2014b ). This may indicate that inhibition of vWf interaction with collagen may be 
important, even for arthropods that feed from  hematomas  , probably since the fl ow 
of blood from ruptured blood vessels still needs to be maintained to fi ll the hema-
toma. It has been proposed that Simplagrin and Aegyptin are orthologs that shared 
a common ancestry when  hematophagy   evolved in a common ancestor to  mosqui-
toes   and  black fl ies   (Chagas et al.  2014b ). It was, however, acknowledged that the 
molecular mechanisms of collagen interaction between these inhibitors differ, while 
the modelled structure of Simplagrin is not the same as the AAPP structure, leaving 
the possibility of convergent evolution between these hematophagous families and 
functions open (Chagas et al.  2014b ). However, submission of both Aegyptin and 
 Simplagrin   to the  Phyre2 server   (Kelley et al.  2015 ), returned as best hit the 

Table 17.1B (continued)

 Species  Name  Target  Family  Reference 

   Aedes aegypti     AeD7l  Biogenic 
amines 

 D7/OBP  Calvo et al. 
( 2006 ) 

  Lutzomyia 
longipalpis  

 LJM11  Biogenic 
amines 

 Yellow  Xu et al. ( 2011 ) 

   Tabanus yao      Tablysin-15       αIIbβ3  Antigen 5  Ma et al. ( 2011 ) 
  Tabanus yao    Vasotab TY    αIIbβ3   Kazal    Zhang et al. 

( 2014 ) 
  Lutzomyia 
ayacuchensis  

 Ayadualin  αIIbβ3  Novel  Kato et al. 
( 2015 ) 

  Chrysops  spp.   Chrysoptin    αIIbβ3  5′-NT  Reddy et al. 
( 2000 ) 

   Simulium vittatum     Simukunin   Cathepsin 
G   

 BPTI  Tsujimoto et al. 
( 2012 ) 

   Phlebotomus 
papatasi    

 Adenosine, 5′AMP  A 2A , A 2B   Nucleotides  Ribeiro et al. 
( 1999 ) 

  Phlebotomus 
argentipes  

 Adenosine, 5′AMP  A 2A , A 2B   Nucleotides  Ribeiro and 
Modi ( 2001 ) 

   Culex 
quinquefasciatus    

 PAF phosphorylcholine 
hydrolase 

 PAF   Phospholipase 
C   

 Ribeiro and 
Francischetti 
( 2001 ) 

  Indicated are the common name for the  platelet aggregation   inhibitors, its molecular target and the 
protein family to which they belong  
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C-terminal domain structure of AAPP with confi dences of 96 % and 87 %, respec-
tively (BJ Mans, personal observation), indicating that the region involved in col-
lagen interaction has similar structures. Even so, pairwise sequence alignment 
indicate less than 25 % sequence identity between Simplagrin and  Aegyptin   or 
AAPP. These proteins falls within the twilight zone of sequence identity, where 
orthology and even homology is problematic to establish with confi dence (Rost 
 1999 ). Since interaction with the triple helix bundle of collagen probably require 
helical structures and the C-terminal domain of the mosquito proteins possess this, 
convergent evolution of these proteins towards collagen binding cannot be excluded. 
As yet, this specifi c case does not give convincing evidence for  evolution   of blood- 
feeding in the last common ancestor of the  Culicomorpha  . 

 In ticks at least one protein,  tick adhesion inhibitor (TAI)   from the soft tick  Or. 
moubata  inhibit adhesion of platelets to collagen. TAI has no effect on platelet 
aggregation, but do inhibit binding of a monoclonal antibody to integrin α 2 β 1  sug-
gesting that this receptor is the target (Karczewski et al.  1995 ). 

 Inhibitors of collagen-induced platelet aggregation that does not specifi cally 
interact with collagen, but rather targets secondary activators such as adenosine 
diphosphate (ADP) and TXA2 also exist. ADP is targeted by apyrases (ATP diphos-
phohydrolases) found in ticks (Ribeiro et al.  1985 ,  1991 ; Mans et al.  1998a ,  2008b ), 
 mosquitoes   (Ribeiro et al.  1984b ),  biting midges   (Pérez de León and Tabachnick 
 1996 ); black fl ies (Cupp et al.  1995 ),  assassin bugs   (Sarkis et al.  1986 ),  bed bugs   
(Valenzuela et al.  1998 ) and  fl eas   (Ribeiro et al.  1990 ; Cheeseman  1998 ; Andersen 
et al.  2007 ).  Apyrase   activity has evolved or has been exapted numerous times inde-
pendently for the purpose of blood-feeding in different protein families (Stutzer 
et al.  2009 ; Hughes  2013 ). This includes the 5′-nucleotidase family for ticks (Stutzer 
et al.  2009 ), assassin bugs (Faudry et al.  2004 ), mosquitoes (Champagne et al. 
 1995a ; Lombardo et al.  2000 ; Dong et al.  2012 ),  horse fl ies   (An et al.  2011 ) and 
 tsetse fl ies   (Caljon et al.  2010 ). Apyrases that belong to the  Cimex  family of apy-
rases include those from  bed bugs   (Valenzuela et al.  1998 ), and  sand fl ies   (Valenzuela 
et al.  2001 ). Apyrase that belong to the CD39 family was found in fl ea transcrip-
tomes, but need to be experimentally confi rmed (Andersen et al.  2007 ; Ribeiro et al. 
 2012a ). Unique  scavengers   of ADP is found in the  lipocalins   from the assassin bug 
 R. prolixus  and this specifi c form of scavenging has not yet been observed in other 
hematophagous arthropods (Francischetti et al.  2000 ,  2002a ). Collagen-induced 
platelet aggregation is also mediated by superoxide production and  antigen 5   family 
members from the assassin bugs   Dipetalogaster maxima    and   Triatoma infestans    can 
inhibit low  collagen   dose induced platelet aggregation by scavenging superoxide 
(Assumpção et al.  2013 ). 

 Scavengers of TXA2 was initially misidentifi ed as inhibitors specifi c for colla-
gen, due to the high specifi city for collagen-induced platelet aggregation, although 
none inhibited adhesion to collagen, or where the TXA2 mimetic U46619 or the 
precursor  arachidonic acid   was used at too high a molar ratio relative to the inhibitor 
to allow effi cient scavenging. This included  moubatin   from the tick  Or. moubata  
(Mans and Ribeiro  2008a ; Waxman and Connolly  1993 ),  triplatin   from the assassin 
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 bug    Tr. infestans  (Morita et al.  2006 ; Ma et al.  2012 ) and  pallidipin   from  Tr. pal-
lidipennis  (Noeske-Jungblut et al.  1994 ; Assumpção et al.  2010 ).  Scavengers   con-
fi rmed as TXA2 scavengers include  TSGP3   from the soft tick  Or. savignyi  (Mans 
and Ribeiro  2008a ),  Dipetalodipin   from  D. maxima  (Assumpção et al.  2010 ) and 
AnSt-D7L1, a two-domain D7  protein   from  An. stephensi , of which the N-terminal 
domain is capable of binding both  leukotriene C4 (LTC4)   and TXA2 (Alvarenga 
et al.  2010 ). 

 Scavengers of biogenic amines ( biogenic amine binding proteins     , BABP), 
involved in platelet aggregation, such as  serotonin   and  epinephrine   as well as  hista-
mine      involved in itch and infl ammatory reactions are also secreted by hematopha-
gous arthropods. This includes the  lipocalins   from assassin bugs (Andersen et al. 
 2003 ; Xu et al.  2013 ) and argasid and ixodid ticks (Paesen et al.  1999 ; Sangamnatdej 
et al.  2002 ; Mans et al.  2008c ). The  D7 proteins   are related to the  odorant-binding   
protein family and act as scavengers of serotonin, epinephrine,  norepinephrine   and 
histamine in  mosquitoes   (Calvo et al.  2006 ,  2009c ; Mans et al.  2007 ). In the sand fl y 
 L. longipalpis , the “Yellow”  protein   family functions as biogenic amine scavengers 
(Xu et al.  2011 ). The  nitrophorins   from  R. prolixus  deserves special mention. 
 Nitrophorins   are lipocalins, but instead of just scavenging molecules inside the 
“cup-like” anti-parallel eight stranded β-barrel of the lipocalin fold, they bind a 
heme moiety capable of binding  nitric oxide   (NO), that is released when secreted 
into the host environment to act as a potent vasodilator (Ribeiro et al.  1993 ). Once 
NO is released, the nitrophorins scavenge  histamine   via the same heme moiety 
(Ribeiro and Walker  1994 ). 

 The last class of  scavengers   described to date include the  cysteinyl leukotriene      
scavengers. Cysteinyl leukotrienes (LTC4, LTD4 and LTE4)    are synthesized from 
 leukotriene A4   in platelets,    neutrophils,  macrophages  ,  basophils   and  mast cells   dur-
ing infl ammation (Austen  2007 ). LTC4 is a potent  skin   vasodilator that leads to 
 edema  , wheal formation and occlusion of blood vessels within 10 min and may 
persist for more than 2 h (Soter et al.  1983 ). Cysteinyl leukotriene scavengers has 
been found in  lipocalins   from argasid ticks (Mans and Ribeiro  2008b ), D7 proteins 
from mosquitoes (Calvo et al.  2009c ; Alvarenga et al.  2010 ) and  tablysin-15      from 
the CAP/AG5 family from the tabanid fl y   Tabanus yao    (Xu et al.  2012 ). 

 In almost all cases, scavengers of bioactive molecules are some of the most abun-
dant proteins present in the  sialomes   of hematophagous organisms, allowing them 
to exist within the feeding site at molar concentrations above 1 μM. They also gen-
erally bind their ligands with affi nities in the nM range and are therefore effective 
scavengers, leading them to be classifi ed as “kratagonists” from the Greek word “to 
arrest or seize” (Ribeiro and Arca  2009 ). 

 Targeting of specifi c platelet receptors also occur. As such, TAI targets the  col-
lagen   receptor integrin α 2 β 1  (Karczewski et al.  1995 ). The  fi brinogen   receptor α IIb β 3  
are specifi cally targeted by proteins that present the integrin recognition motifs 
RGD, RED, KGD, VGD, MLD, KTS, RTS, or WGD (Assumpção et al.  2012b ). 
Inhibitors of α IIb β 3  have been found in soft ticks:  disagregin   (Karczewski et al. 
 1994 ),  savignygrins   (Mans et al.  2002a ) and the  monogrins   (Mans et al.  2008b ), 
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hard ticks:  variabilin   (Wang et al.  1996 ) and  the   ixodegrins (Francischetti et al. 
 2005b ; Tang et al.  2015 ), tabanid fl ies: tablysin-15 (Xu et al.  2008 ; Ma et al.  2011 ), 
 sand fl ies   (Kato et al.  2015 ) and  chrysoptin   from  deer fl ies   (Grevelink et al.  1993 ; 
Reddy et al.  2000 ). The sequence for chrysoptin belongs to the 5′-nucleotidase fam-
ily and shows 96 % similarity to the active  apyrase   from horse fl y (An et al.  2011 ), 
but even though the active site residues are conserved (BJ Mans, personal 
 observation), no apyrase activity was associated with chrysoptin (Reddy et al. 
 2000 ). However, the disaggregation effect observed in this latter study was also 
observed with tick apyrase (Mans et al.  1998b ,  2000 ), with the implication that ADP 
removal from its receptor can induce outside-in signaling that leads to dissociation 
of  fi brinogen   from its receptor. A number of proteins with integrin recognition 
motifs has been identifi ed from a variety of hematophagous arthropods using bioin-
formatics (Assumpção et al.  2012b ). These predictions should be experimentally 
confi rmed, since these RGD-like motifs needs to be presented on a restricted con-
formation to be biologically active. Other receptors found on platelets include the 
ADP (P2Y1, P2Y12), ATP (P2X1),  epinephrine   (α2A),  P-selectin  , CD40L,  sero-
tonin  ,  thrombin      (PAR1, PAR4) and TXA2 (TPα) receptors (Jurk and Kehrel  2005 ; 
Thomas and Storey  2015 ). While  scavengers   or inhibitors of the receptor agonists 
have been discovered, no inhibitors that specifi cally interact with these receptors 
have yet been identifi ed. Even so, there is a probability that apyrase may interact 
with the ADP receptors, since apyrase can disaggregate platelets already aggregated 
with ADP and reverse their shape change from a spherical back to a discoid form, 
even if they have already secreted their granule contents, suggesting that ADP may 
be leached or removed from the receptor (Mans et al.  2000 ). Another study impli-
cated a potential  heparin   glycosylated protein from  Or. moubata  in P-selectin inter-
action, but this study is considered preliminary since no functional data was 
presented (García- Varas et al.  2010 ). 

 Secretion of chemical modulators is rare, but  sand fl ies   from the genus 
 Phlebotomus  secrete adenosine and 5′-AMP during feeding, which are potent plate-
let aggregation inhibitors (Ribeiro et al.  1999 ; Ribeiro and Modi  2001 ). The produc-
tion of pro-infl ammatory  cytokines   by  dendritic cells   is inhibited by adenosine and 
this immune-modulatory effect was linked with adenosine in the  saliva   of 
 Phlebotomus  sand fl ies and the hard tick  I. scapularis  (Oliveira et al.  2011 ; Carregaro 
et al.  2015 ).   

17.5.2     The   Clotting Cascade   

 The rupture of blood vessels during probing releases fVII from the blood stream 
into the ECM where it binds to  tissue-factor   (TF)    expressed on stromal  fi broblasts   
in the  dermis  . Binding to TF leads to an activated  TF-fVIIa complex     . This complex 
activates fIX and fX to  fIXa   and soluble  fXa   that then binds to fV. In activated plate-
lets phosphatidylserine translocate to the outer membrane and serves as activator for 
the  prothrombinase complex   (fXa/fVa)    that leads to activation of thrombin (Lentz 
 2003 ; Majumder et al.  2005 ). Platelets also shed small vesicles (50–100 nM) that 
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fulfi ll the same function (Lentz  2003 ). This pathway is called the  extrinsic      or tissue 
factor pathway. Formation of the  prothrombinase complex   increase the activity of 
fXa towards  thrombin   more than 150,000 fold. In a feedback loop, thrombin acti-
vates fV and fVIII that then activates fXI that activates fIX. Thrombin can also 
activate  fXIa   which can activate fV, both reactions using  polyphosphate   as cofactor 
(Choi et al.  2011 ,  2015 ).  Polyphosphate   is secreted by platelets and has become an 
important cofactor and accelerator of all key steps in coagulation (Morrissey et al. 
 2012 ). 

 An  intrinsic pathway  , also known as the  contact activation pathway   exist (Walsh 
 2001 ; Long et al.  2015 ). Exposed  collagen   binds high-molecular weight  kininogen      
(HMWK),  prekallikrein   and fXII leading to formation of activated  kallikrein   and 
 fXIIa  . fXII can also autoactivate itself to fXIIa when binding to anionic surfaces 
such as activated platelets,  heparin      secreted by  mast cells  , polyphosphate secreted 
by platelets or DNA found  in    neutrophil extracellular traps (NETs)   (Brunnée et al. 
 1997 ). fXIIa then activates fXIa, which activates fIXa that forms the  tenase complex      
with fVIIIa.  fVIIIa   and fIXa forms the tenase complex that activates fX. 

  Thrombin   cleaves  fi brinogen   that leaks from damaged capillaries and cleaved 
fi brinogen cross-links into a fi brin network (Lentz  2003 ). Binding of intact soluble 
fi brinogen by α IIb β 3  leads to  platelet aggregation   and with the  fi brin   network forms 
a plug that rapidly seals off the wound. Once blood loss has been stopped and as part 
of the  wound healing   process,  plasminogen   is activated to  plasmin      by  urokinase     , 
 tissue plasminogen activator        ,  fXIa  ,  fXIIa   or  kallikrein  . Plasmin degrades the  fi brin   
clot and can be inhibited by  α2-antiplasmin      or  α2-macroglobulin     .  Thrombin   activat-
able fi brinolysis inhibitor ( Carboxypeptidase B     ) is activated by thrombin and 
removes C-terminal lysine residues from fi brin, thereby preventing plasmin binding 
to fi brin and inhibits the fi brinolysis process (Draxler and Medcalf  2015 ). 

 Almost all points in the clotting cascade is targeted by hematophagous arthro-
pods (Figure  17.3 ; Tables  17.2A  and  17.2B ). Inhibitors of the  contact activation 
pathway   that targets  kallikrein  , fXI or fXII has been found in ticks (Tanaka et al. 
 1999 ; Sasaki et al.  2004 ; Kato et al.  2005 ; Decrem et al.  2009 ; Kim et al.  2015 ), 
 mosquitoes   (Isawa et al.  2002 ,  2007a ; Calvo et al.  2006 ),  assassin bugs   (Isawa et al. 
 2007b ; Ishimaru et al.  2012 ) and  sand fl ies   (Alvarenga et al.  2013 ; Kato et al.  2015 ).

    Inhibitors of TF- fVIIa  , fVIIIa- fIXa  , fXa-fV or  fXa   has been found in ticks 
(Waxman et al.  1990 ; Gordon and Allen  1991 ; Limo et al.  1991 ; Gaspar et al.  1995 , 
 1996 ; Joubert et al.  1995 ,  1998 ; Zhu et al.  1997a ; Ibrahim et al.  2001b ; Ehebauer 
et al.  2002 ; Francischetti et al.  2002b ,  2004 ; Narasimhan et al.  2002 ; Batista et al. 
 2010 ; Schuit et al.  2013 ; Pasqualoto et al.  2014 ; Kim et al.  2015 ), mosquitoes (Stark 
and James  1995 ,  1996 ,  1998 ; Calvo et al.  2011 ),  assassin bugs   (Hellmann and 
Hawkins  1965 ; Ribeiro et al.  1995 ; Sun et al.  1996 ; Zhang et al.  1998 ),  black fl ies   
(Jacobs et al.  1990 ; Abebe et al.  1994 ,  1996 ; Tsujimoto et al.  2012 ),  sand fl ies   
(Collin et al.  2012 ),  biting midges   (Pérez de León et al.  1998 ) and  bed bugs   
(Valenzuela et al.  1996 ). 

  Thrombin      inhibitors abound in hard and soft ticks (Hellman and Hawkins  1967 ; 
Anastopoulos et al.  1991 ; Hoffmann et al.  1991 ; Gaspar et al.  1995 ; van de Locht 
et al.  1996 ; Zhu et al.  1997a ,  1997b ; Nienaber et al.  1999 ; Horn et al.  2000 ; Ibrahim 
et al.  2001a ; Kazimírová et al.  2002 ; Mans et al.  2002b ,  2008b ; Iwanaga et al.  2003 ; 
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   Table 17.2A    Blood clotting inhibitors from ticks   

 Species  Name  Target  Family  Reference 

  Ornithodoros 
moubata  

 ND  Thrombin  ND  Hellman and 
Hawkins ( 1967 ) 

  Ornithodoros 
moubata  

 Ornithodorin  Thrombin  BPTI  van de Locht et al. 
( 1996 ) 

  Ornithodoros 
savignyi  

 Savignin  Thrombin  BPTI  Nienaber et al. 
( 1999 ), Mans et al. 
( 2002b ) 

  Argas monolakensis   Monobin  Thrombin  BPTI  Mans et al. ( 2008b ) 
   Amblyomma 
americanum    

 Americanin  Thrombin  ND  Zhu et al. ( 1997b ) 

   Ixodes ricinus     Ixin  Thrombin  ND  Hoffmann et al. 
( 1991 ) 

  Ixodes holocyclus   ND  Thrombin  ND  Anastopoulos et al. 
( 1991 ) 

  Rhipicephalus 
microplus  

 BmAP  Thrombin  ND  Horn et al. ( 2000 ) 

  Rhipicephalus 
microplus  

 Microphilin  Thrombin  ND  Ciprandi et al. 
( 2006 ) 

  Rhipicephalus 
microplus  

 RmS-15  Thrombin  Serpin  Rodriguez-Valle 
et al. ( 2015 ) 

  Amblyomma 
variegatum  

 Variegin  Thrombin  Hirudin-like  Kazimírová et al. 
( 2002 ), Koh et al. 
( 2007 ) 

   Haemaphysalis 
longicornis    

 Madanins  Thrombin  Madanin  Iwanaga et al. 
( 2003 ) 

  Haemaphysalis 
longicornis  

 Chimadanin  Thrombin  Madanin  Nakajima et al. 
( 2006 ) 

  Hyalomma 
marginatum rufi pes  

 Hyalomin-1  Thrombin  Madanin  Jablonka et al. 
( 2015 ) 

  Rhipicephalus 
calcaratus  

 Calcaratin  Thrombin  ND  Motoyashiki et al. 
( 2003 ) 

  Hyalomma 
dromedarii  

 NTI-1  Thrombin  ND  Ibrahim et al. 
( 2001a ) 

  Hyalomma 
dromedarii  

 NTI-2  Thrombin  ND  Ibrahim et al. 
( 2001a ) 

   Ornithodoros 
moubata    

 TAP  fXa  BPTI  Waxman et al. 
( 1990 ) 

   Ornithodoros 
savignyi    

 fXaI  fXa  BPTI  Gaspar et al. ( 1996 ), 
Joubert et al. ( 1998 ) 

  Rhipicephalus 
appendiculatus  

 fXaI  fXa  ND  Limo et al. ( 1991 ) 

  Hyalomma 
truncatum  

 fXaI  fXa  ND  Joubert et al. ( 1995 ) 

  Hyalomma 
dromedarii  

 fXaI  fXa  ND  Ibrahim et al. 
( 2001b ) 

   Ixodes scapularis     Salp14   fXa    BTSP  Narasimhan et al. 
( 2002 ) 

(continued)
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Motoyashiki et al.  2003 ; Imamura et al.  2005 ; Ciprandi et al.  2006 ; Nakajima et al. 
 2006 ; Koh et al.  2007 ; Jablonka et al.  2015 ; Rodriguez-Valle et al.  2015 ), assassin 
bugs (Noeske-Jungblut et al.  1995 ; Fuentes-Prior et al.  1997 ),  mosquitoes   (Stark 
and James  1996 ; Waidhet-Kouadio et al.  1998 ; Valenzuela et al.  1999 ),  tsetse fl ies   
(Cappello et al.  1996 ; Cappello et al.  1998 ), black fl ies (Abebe et al.  1994 ; Chagas 
et al.  2010 ), horn fl ies (Cupp et al.  2000 ). Of interest is that fXa inhibitors was pre-
dominantly found in culicines, while anophelines have thrombin inhibitors (Stark 
and James  1996 ). More recently a thrombin inhibitor was characterized in  Ae. 
aegypti , but only inhibited thrombin weakly (Watanabe et al  2010 ). 

Table 17.2A (continued)

 Species  Name  Target  Family  Reference 

  Amblyomma 
americanum  

 AAS19  fXa, fXIa  Serpin  Kim et al. ( 2015 ) 

  Amblyomma 
cajennense  

 Amblyomin-X  fXa  BPTI  Batista et al. ( 2010 ) 

  Haemaphysalis 
longicornis  

 HLS2  Thrombin  Serpin  Imamura et al. 
( 2005 ) 

  Ixodes scapularis   TIX-5  fXa-fV  PLUNC  Schuijt et al. ( 2013 ) 
  Haemaphysalis 
longicornis  

 Longistatin   Plasminogen    EF-hand  Anisuzzaman et al. 
( 2011 ,  2012 ) 

  Ornithodoros 
moubata  

 rOmEno  Plasminogen  Enolase  Díaz-Martín et al. 
( 2013 ) 

  Ixodes scapularis   MP1   Fibrin        Metalloprotease    Francischetti et al. 
( 2003 ) 

  Rhipicephalus 
bursa  

 TCI  Carboxy- 
peptidase B 

 Beta- defensin  Arolas et al. ( 2005a , 
 b ) 

   Haemaphysalis 
longicornis    

 HlTCI  Carboxy- 
peptidase B 

 Beta- defensin  Gong et al. ( 2007 ) 

  Rhipicephalus 
microplus  

 BmTI-A  Kallikrein  BPTI  Tanaka et al. ( 1999 ) 

  Rhipicephalus 
microplus  

 BmTI-D   Kallikrein    BPTI  Sasaki et al. ( 2004 ) 

  Haemaphysalis 
longicornis  

 Haemaphysalin  Kallikrein  BPTI  Kato et al. ( 2005 ) 

  Ixodes ricinus   Ir-CPI  Kallikrein- 
fXIIa- fXIa 

 BPTI  Decrem et al. ( 2009 ) 

  Ixodes scapularis   Ixolaris  fXa-TF-VIIa  BPTI  Francischetti et al. 
( 2002b ) 

  Ixodes scapularis   Penthalaris  fX, fXa  BPTI  Francischetti et al. 
( 2004 ) 

   Ornithodoros 
moubata    

 TAM-a   Vasodilation    Calcitonin  Iwanaga et al. 
( 2014 ) 

   Ornithodoros 
savignyi    

 BSAP1  PT pathway  ND  Ehebauer et al. 
( 2002 )  BSAP2 

  Indicated are the common name for the blood-clotting inhibitors, its molecular target and the pro-
tein family to which they belong.  ND  not determined  
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   Table 17.2B    Blood-clotting inhibitors from insects   

 Species  Name  Target  Family  Reference 

   Anopheles stephensi      Hamadarin    fXII, HMWK  D7/OBP  Isawa et al. ( 2002 ) 
  Anopheles gambiae    D7r1    fXII, HMWK  D7/OBP  Calvo et al. ( 2006 ) 
  Anopheles stephensi    Anophensin    fXII, HMWK  SG7  Isawa et al. 

( 2007a ) 
  Triatoma infestans    Triafestin-1  /2  fXII, HMWK  Lipocalin  Isawa et al. 

( 2007b ) 
  Triatoma dimidiata   Dimiconin  fXII  Lipocalin  Ishimaru et al. 

( 2012 ) 
  Phlebotomus dubosci   PdSP15a/b   Polyphosphate       OBP  Alvarenga et al. 

( 2013 ) 
  Lutzomyia ayacuchensi   Ayadualin  fXII  Novel  Kato et al. ( 2015 ) 
  Aedes aegypti   AFXa  fXa  Serpin  Stark and James, 

( 1998 ) 
  Aedes albopictus   Alboserpin  fXa  Serpin  Calvo et al. ( 2011 ) 
   Rhodnius prolixus     Prolixin S  fVIII  Lipocalin  Ribeiro et al. 

( 1995 ), Sun et al. 
( 1996 ) 

   Simulium vittatum     NA  fXa  ND  Jacobs et al. 
( 1990 ); 

  Simulium argus   NA  fXa  ND  Abebe et al. ( 1994 ) 
  Simulium metallicum   NA  fXa  ND  Abebe et al. ( 1994 ) 
  Simulium ochraceum   NA  fXa  ND  Abebe et al. ( 1994 ) 
  Simulium vittatum   NA  fV  ND  Abebe et al. ( 1996 ) 
  Simulium vittatum    Simikunin    fXa  BPTI  Tsujimoto et al. 

( 2012 ) 
  Lutzomyia longipalpis   Lufaxin  fXa  SP06  Collin et al. ( 2012 ) 
   Culicoides variipennis    
 sonorensis  

 NA   fXa    ND  Pérez de León 
et al. ( 1998 ) 

   Cimex lectularius     NA  fVIIIa/FIXa  ND  Valenzuela et al. 
( 1996 ) 

   Triatoma pallidipennis     Triabin  Thrombin  Lipocalin  Noeske- Jungblut 
et al. ( 1995 ), 
Fuentes-Prior et al. 
( 1997 ) 

   Anopheles stephensi     NA  Thrombin  ND  Waidhet- Kouadio 
et al. ( 1998 ) 

   Anopheles albimanus     Anophelin  Thrombin  Anophelin  Valenzuela et al. 
( 1999 ) 

   Glossina morsitans 
morsitans    

 Tsetse 
thrombin 
inhibitor 

 Thrombin  Novel  Cappello et al. 
( 1996 ), ( 1998 ) 

(continued)
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Table 17.2B (continued)

 Species  Name  Target  Family  Reference 

   Simulium vittatum     NA  Thrombin  ND  Abebe et al. ( 1994 ) 
  Simulium argus   NA  Thrombin  ND  Abebe et al. ( 1994 ) 
  Thyrsopelma 
guianense  

 NA  Thrombin  ND  Chagas et al. 
( 2010 ) 

  Hematobia irritans   NA   Thrombin    ND  Cupp et al. ( 2000 ) 
   Tabanus yao     Tablysins 2-7   Fibrinogen    AG 5/SCP  Ma et al. ( 2009 ) 
  Cimex lectularius   Nitrophorin   Vasodilation    Inositol 

phosphatases 
 Valenzuela et al. 
( 1995 ), Valenzuela 
and Ribeiro ( 1998 ) 

  Rhodnius prolixus   Nitrophorins  Vasodilation  Lipocalin  Ribeiro et al. 
( 1993 ); Weichsel 
et al. ( 1998 ) 

   Culicoides variipennis    
 sonorensis  

 NA  Vasodilation  ND  Pérez de León 
et al. ( 1997 ) 

   Simulium vittatum     SVEP  Vasodilation  Novel  Cupp et al. ( 1994 ), 
( 1998 ) 

  Lutzomyia longipalpis    Maxadilan    Vasodilation  Novel  Ribeiro et al. 
( 1989 ), Lerner and 
Shoemaker ( 1992 ) 

   Phlebotomus papatasi     Adenosine  Vasodilator  Nucleotides  Ribeiro et al. 
( 1999 ) 

  Phlebotomus 
argentipes  

 Adenosine  Vasodilator  Nucleotides  Ribeiro and Modi 
( 2001 ) 

   Hybomitra bimaculata      Vasotab    Vasodilator  Kazal  Takác et al. ( 2006 ) 
  Tabanus yao    Vasotab TY    Vasodilator   Kazal    Ma et al. ( 2009 ) 
  Tabanus yao   Peroxindase 

TY 
 Vasodilator  Peroxidase  Ma et al. ( 2009 ) 

  Anopheles albimanus   NA   Norepinephrine    Peroxidase  Ribeiro and 
Nussenzveig 
( 1993 ), Ribeiro 
and Valenzuela 
( 1999 ) 

   Anopheles gambiae     NA  Norepinephrine   Peroxidase    Ribeiro et al. 
( 1994 ) 

  Aedes aegypti   Sialokinin  Vasodilator  Tachykinin  Ribeiro ( 1992 ), 
Champagne and 
Ribeiro ( 1994 ) 

   Aedes triseriatus     Sialokinin  Vasodilator  Tachykinin  Ribeiro et al. 
( 1994 ) 

  Indicated are the common name for the blood-clotting inhibitors, its molecular target and the pro-
tein family to which they belong.  ND  not determined  
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 Molecules capable of fi brinolysis has also been characterized. This includes 
 metalloproteases   from the ixodid  I. scapularis  (Francischetti et al.  2003 ). The horse 
fl y  Ta. yao  possess  several   antigen 5/SCP family members named tablysin 2–7 that 
are  fi brinogenolytic   (Ma et al.  2009 ).  Carboxypeptidase B      inhibitors that will lead 
to increased rates of fi brinolysis has been characterized in the hard ticks  Ha. longi-
cornis  and   Rhipicephalus bursa    (Arolas et al.  2005a ,  b ; Gong et al.  2007 ). 
 Plasminogen   activators have been found in the soft tick  Or. moubata  which secrete 
a enolase that performs this function (Díaz-Martín et al.  2013 ), while the hard tick 
 Ha. longicornis  secrete longistatin, a two-domain EF-hand protein that can proteo-
lytically activate plasmin (Anisuzzaman et al.  2011 ,  2012 ).   

17.5.3     Pain Responses and  Infl ammation   

 Activation of the contact phase of coagulation leads to generation of  kallikrein     , 
while the fi brinolytic pathway leads to  plasmin      generation (Sharma  2005 ; del Rosso 
et al.  2008 ). Both of these enzymes can release  bradykinin   from high molecular 
weight kininogen (HMWK). Bradykinin causes pain responses, vascular permeabil-
ity (edema) and is a vasodilator. Pain and  edema   at the feeding site leads to host 
grooming responses and vector neutralization and death (Allen  1989 ). Inhibitors of 
both the kallikrein and fi brinolytic systems has been described above. However, 
 cathepsin L   is a lysosomal enzyme that is released from cells into the extracellular 
fl uid during acute infl ammation. It can function as a  kininogenase  , i.e. releasing 
bradykinin from HMWK or low molecular weight kininogen (LMWK) (Desmazes 
et al.  2001 ; Puzer et al.  2004 ). Bradykinin also mediates carrageenan-induced 
 infl ammatory      pain and edema in the rat paw edema model (Ikeda et al.  2001 ). 
Sialostatin L and L2 are  cystatins   specifi c for cathepsin L found in the  saliva   of  I. 
scapularis  and inhibit carrageenan-induced infl ammation in rat paw (Kotsyfakis 
et al.  2006 ; Kotsyfakis et al.  2007 ).  HlSC-1  , a cathepsin L specifi c inhibitor has also 
been described in the metastriate tick  Ha. longicornis  (Yamaji et al.  2009 ). The 
 sialostatins   may therefore be important mediators of bradykinin mediated infl am-
mation, pain and  edema  . Vaccination with sialostatin L led to tick rejection within 
24 h of attachment, indicating that sialostatin L functions in the  infl ammatory phase   
(Kotsyfakis et al.  2007 ), most probably to limit bradykinin mediated infl ammation. 
Sialostatin L also impact on dendritic  cell   maturation and dendritic cell mediated 
 T-cell proliferation      and  autoimmunity     , based on its inhibitory activity against 
 cathepsin S   and minimized symptoms of experimental autoimmune encephalomy-
elitis in mice (Sá-Nunes et al.  2009 ). It should be noted that bradykinin also drive 
dendritic cell maturation, which may explain the effect of sialostatin L on these cells 
(Scharfstein et al.  2007 ).   Ixodes scapularis    also secrete a  metallo dipeptidyl car-
boxypeptidase   that acts as a kininase that degrade bradykinin and  anaphylatoxin   
(Ribeiro et al.  1985 ; Ribeiro and Spielman  1986 ; Ribeiro and Mather  1998 ). 
  Phlebotomus duboscqi    salivary proteins 15a and 15b (PdSP15a, PdSP15b) belongs 
to the OBP family and binds to  dextran     ,  polyphosphate      and  heparin      and inhibits 
activation of the  contact phase pathway   as well as bradykinin generation by preventing 
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the binding of coagulation factors to these surfaces (Alvarenga et al.  2013 ). 
 Anophensin   from  An. stephensi  interrupt interaction of fXII and HMWK, thereby 
inhibiting the generation of bradykinin, while  hamadarin   from the same mosquito 
associate with the fXII-HMWK complex and inhibit their association with the acti-
vating surface (Isawa et al.  2002 ,  2007a ).  Triafestin-1   and  triafestin-2   from  Tr. infes-
tans  binds to fXII and  prekallikrein   and prevent their activation, thereby inhibiting 
bradykinin release (Isawa et al.  2007b ). Other inhibitors of the contact pathway will 
probably also inhibit bradykinin release, but this has not been experimentally 
confi rmed.     

17.5.4        Vasoconstriction   

  Nitric oxide   (NO) is a potent vasodilator, but is also very labile. A number of blood- 
feeding arthropods evolved proteins capable of carrying NO, which is then released 
at the site of feeding including  nitrophorin   from the bed  bug     Cimex lectularius    
(Valenzuela et al.  1995 ) and the nitrophorins from  R. prolixus  (Ribeiro et al.  1993 ). 
While the  Rhodnius   nitrophorins   belong to the lipocalin family, the  Cimex  nitropho-
rin belong to the inositol phosphatase family supporting convergent evolution of 
these functions and independent  evolution   of blood-feeding in assassin and bed 
bugs (Valenzuela and Ribeiro  1998 ). A vasodilator was also identifi ed in the biting 
 midge    Cu. variipennis  (Pérez de León et al.  1997 ). Vasodilatory proteins named 
SVEP (  Simulium vittatum    erythema protein) was characterized from the black fl y 
 Si.    vittatum    (Cupp et al.  1994 ,  1998 ). The sand fl y  L. longipalpis  produce  Maxadilan  , 
a potent vasodilatory peptide (Ribeiro et al.  1989 ; Lerner et al.  1991 ; Lerner and 
Shoemaker  1992 ).  Phlebotomus  species produce adenosine as vasodilator (Ribeiro 
et al.  1999 ). Horse and  deer fl ies   also produce vasodilators (Rajská et al.  2003 ), and 
in the case of  horse fl ies   a peptide named  vasotab   belonging to the  Kazal      family was 
identifi ed in the hairy-legged horsefl y   Hybomitra bimaculata    (Takác et al.  2006 ). A 
homolog from the horse fl y  Ta. yao  ( Vasotab TY  ) is a vasodilator, but also inhibits 
 platelet aggregation   by targeting α IIb β 3  (Ma et al.  2009 ; Xu et al.  2008 ; Zhang et al. 
 2014 ).   Tabanus yao    also possess a  peroxidase   ( Peroxindase   TY) capable of inhibit-
ing vasoconstriction (Ma et al.  2009 ). The mosquito  An. albimanus  and  An. gam-
biae  use a  catechol oxidase  /peroxidase activity that belongs to the  myeloperoxidase   
family as vasodilator, by oxidizing the vasoconstrictor  norepinephrine   (Ribeiro and 
Nussenzveig  1993 ; Ribeiro et al.  1994 ; Ribeiro and Valenzuela  1999 ).  Ae. aegypti  
and  Ae. triseriatus  secrete vasodilatory peptides called  sialokinins   that is related to 
the  tachykinins   (Ribeiro  1992 ; Ribeiro et al.  1994 ; Champagne and Ribeiro  1994 ; 
Beerntsen et al.  1999 ). 

 Hard ticks synthesize and secrete  prostaglandin   E2, a potent vasodilator (Ribeiro 
et al.  1985 ; Ribeiro et al.  1992 ), while soft ticks from the genus  Ornithodoros  pos-
sess  adrenomedullin   peptides postulated to have originated from the vertebrate host 
via horizontal gene transfer (Francischetti et al.  2008a ; Iwanaga et al.  2014 ). 

 The scavenging of  leukotriene B4   (LTB4) which can act as an indirect vasocon-
strictor (Bäck et al.  2004 ; Bäck et al.  2007 ) will also inhibit vasoconstriction. 
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Scavenging of LTB4 has been observed in hard and soft ticks (Beaufays et al.  2008 ; 
Mans and Ribeiro  2008a ), while LTB4 production  by   neutrophils were inhibited by 
 sand fl ies   (Monteiro et al.  2005 ; Carregaro et al.  2008 ). 

  Vasodilation   can also assist in the physical enlargement of the feeding site by 
induction of  hyperemia   (increased blood-fl ow) that leads to  erythema      at the feeding 
site. This is a common feature of blood-feeding arthropods that feed from the  hema-
toma   that forms close to the  epidermis   and are found in sand fl ies (Ribeiro et al. 
 1986 ). Excess erythema may, however, be counter-productive for hematoma forma-
tion when linked with  edema   due to increased endothelial permeability as caused by 
the vasodilator LTC4. Wheal formation and erythema caused by LTC4 can occur 
within 10 min and persists for up to 2 h, leading to occlusion of blood vessels and 
decreased blood volume (Soter et al.  1983 ). As indicated before, a number of LTC4 
 scavengers   has been found in blood-feeding arthropods. Hard ticks surprisingly, can 
induce vasoconstriction (slow-feeding) or  vasodilation   (rapid-feeding) depending 
on feeding phase and may use vasoconstriction to control blood-fl ow in the early 
slow-feeding phases when the quantity of blood needed is minimal (Pekáriková 
et al.  2015 ). 

 It has been shown that ixodids can inhibit  endothelial cell proliferation   and 
 angiogenesis   (Francischetti et al.  2005a ; Fukumoto et al.  2006 ; Islam et al.  2009 ; 
Drewes et al.  2012 ).  Dipetalopidin     , inhibits angiogenesis by scavenging 
 15- hydroxyicosatetraenoic acid   (HETE), a derivative of the  15-lipoxygenase path-
way   (Assumpção et al.  2010 ).  TabRTS   from tabanid fl ies belong to  the   antigen 5 
family and possess the integrin recognition motif RTS in its C-terminal and inhibits 
angiogenesis, presumably targeting integrin α 1 β 1  (Ma et al.  2010 ). While the 
 rationale behind the inhibition of angiogenesis seems clear for ixodids, the effects 
on angiogenesis from fast feeding insects is more obscure, given that this phenom-
enon only occurs in the advanced proliferation and remodeling stages of  wound 
healing  . Rather than angiogenesis  per se , their effects may be more immediate 
aimed at the arrest of bleeding or infl ammation. Angiogenesis may therefore be a 
secondary effect implicating the effectors of angiogenesis in early hemostasis or 
infl ammatory responses. In this regard, factors involved in angiogenesis also play an 
important function in  platelet activation  , aggregation and coagulation. As such, 
HETE increase  platelet aggregation   and  thrombin   generation (Vijil et al.  2014 ). The 
control of platelet responses therefore seems to be a central theme in host  defense   
control by blood-feeding arthropods. The integrins α 5 β 1  which is important in angio-
genesis is also important for  neutrophil   migration via α 5 β 1  interaction with  fi bronec-
tin   and play a key role in the immediate infi ltration of neutrophils into the site of 
injury (Everitt et al.  1996 ).   

17.5.5     Infl ammatory Responses 

 A large number of infl ammatory mediators are targeted by hematophagous 
arthropods (Tables  17.3A  and  17.3B ). A strong link between the complement 
cascade,  platelet aggregation   and coagulation during vascular injury has emerged 
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    Table 17.3A    Immuno-modulators from ticks   

 Species  Compound  Target  Family  Reference 

   Ixodes scapularis      Isac    Complement C3  Isac  Valenzuela et al. 
( 2000 ) 

  Ornithodoros 
moubata  

 OmCI  Complement C5  Lipocalin  Nunn et al. 
( 2005 ) 

   Ixodes ricinus      Iris     Elastase    Serpin  Prevot et al. 
( 2006 ) 

  Rhipicephalus 
microplus  

 BmTI-A  Elastase  BPTI  Tanaka et al. 
( 1999 ) 

  Rhipicephalus 
microplus  

 RmS-3  Elastase  Serpin  Rodriguez-Valle 
et al. ( 2015 ) 

   Amblyomma 
americanum    

 AamS6  Elastase  Serpin  Mulenga et al. 
( 2013 ) 

   Ornithodoros 
savignyi    

 TSGP4  LTC4  Lipocalin  Mans and 
Ribeiro ( 2008b ) 

  Argas 
monolakensis  

 AM-33  LTC4  Lipocalin  Mans and 
Ribeiro ( 2008b ) 

  Ixodes ricinus    IRS-2     Chymase    Serpin  Chmelar et al. 
( 2011 ) 

  Ixodes scapularis   ISL929   Neutrophil  s  ADAMTS  Guo et al. ( 2009 ) 
 ISL 1373 

  Rhipicephalus 
appendiculatus  

 HBP1   Histamine    Lipocalin  Paesen et al. 
( 1999 )  HBP2  Histamine 

 MS-HBP  Histamine 
  D. reticulatus   SHBP  Histamine 

Serotonin 
 Lipocalin  Sangamnatdej 

et al. ( 2002 ) 
   Ornithodoros 
savignyi    

 TSGP1  Histamine 
Serotonin 

 Lipocalin  Mans et al. 
( 2008c ) 

  Argas 
monolakensis  

 Monomine  Histamine  Lipocalin  Mans et al. 
( 2008c ) 

  Argas 
monolakensis  

 Monotonin   Serotonin    Lipocalin  Mans et al. 
( 2008c ) 

  Ixodes scapularis   IS-14  Serotonin  Lipocalin  Mans et al. 
( 2008c )  IS-15 

  Rhipicephalus 
appendiculatus  

 Japanin  DC modulation  Lipocalin  Preston et al. 
( 2013 ) 

   Ornithodoros 
moubata    

  Moubatin    LTB4  Lipocalin  Mans et al. 
( 2008a ) 

  Ornithodoros 
moubata  

 OmCI  LTB4  Lipocalin  Roversi et al. 
( 2013 ) 

   Ornithodoros 
savignyi    

 TSGP2/3  LTB4  Lipocalin  Mans et al. 
( 2008a ) 

   Ixodes ricinus     Ir- LBP    LTB4  Lipocalin  Beaufays et al. 
( 2008 ) 

(continued)

17 Glandular Matrices and Secretions: Blood-Feeding Arthropods



652

Table 17.3A (continued)

 Species  Compound  Target  Family  Reference 

  Ixodes ricinus    Tryptogalinin    Tryptase  BPTI  Valdés et al. 
( 2013 ) 

  Rhipicephalus 
appendiculatus  

 TdPI  Tryptase  BPTI  Paesen et al. 
( 2007 ) 

  Rhipicephalus 
appendiculatus  

 Ra-KLP  maxiK channels  BPTI  Paesen et al. 
( 2009 ) 

  Rhipicephalus 
sanguineus  

 Evasin-1  CCL3, CCL4, 
CCL18 

 Evasin-1  Frauenschuh 
et al.  2007  

  Rhipicephalus 
sanguineus  

 Evasin-3  CXCL1; CXCL8  Evasin-3  Déruaz et al. 
( 2008 ) 

  Rhipicephalus 
sanguineus  

 Evasin-4  CCL5; CCL11  Evasin-1  Déruaz et al. 
( 2008 ) 

  Rhipicephalus 
microplus  

 BmTI-2   Elastase    BPTI  Sasaki et al. 
( 2004 ) 

  Rhipicephalus 
microplus  

 BmTI-3  Elastase  BPTI  Sasaki et al. 
( 2004 ) 

  Rhipicephalus 
microplus  

 Boophilin  Elastase  BPTI  Soares et al. 
( 2012 ) 

  Rhipicephalus 
sanguineus  

 RsTIQ2  Elastase  BPTI  Sant’Anna 
Azzolini et al. 
( 2003 ) 

   Ixodes scapularis     Sialostatin L  Cathepsin L, V  Cystatin  Kotsyfakis et al. 
( 2006 ) 

  Ixodes scapularis   Sialostatin L2  Cathepsin L, V  Cystatin  Kotsyfakis et al. 
( 2007 ) 

   Ornithodoros 
moubata    

 OmC2  Cathepsin B, C, H, 
L, S 

 Cystatin  Salát et al. ( 2010 ) 

  Amblyomma 
americanum  

 MIF   Macrophages    MIF  Jaworski et al. 
( 2001 ) 

  Dermacentor 
variabilis  

 HRF   Basophils    HRF  Mulenga et al. 
( 2003 ) 

  Rhipicephalus 
appendiculatus  

 IGBPA  Immunoglobulins  IGBPA  Wang and Nuttall 
( 1999 )  IGBPB  ML 

 IGBPC  ML 
  Ixodes scapularis   Salp15  CD4+ T cells  Salp15  Anguita et al. 

( 2002 ) 
  Dermacentor 
andersoni  

 p36  T lymphocytes  ETX_
MTX2 

 Bergman et al. 
( 1998 ,  2000 ) 

  Ixodes scapularis    Metallo Dipeptidyl 
Carboxypeptidase   

  Bradykinin    ND  Ribeiro and 
Mather ( 1998 ) 

  Rhipicephalus 
microplus  

 Bookase  Bradykinin  ND  Bastiani et al. 
( 2002 ) 

  Ixodes scapularis   PGE2  Infl ammation  ND  Ribeiro et al. 
( 1985 ) 

  Indicated are the common name for the immuno-modulators, its molecular target and the protein 
family to which they belong.  ND  not determined  
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(Markiewski et al.  2007 ; Peerschke et al.  2008 ,  2010 ). During  platelet activation   a 
number of platelet receptors can bind complement and activate the complement 
cascade via the classical or alternative pathways (del Conde et al.  2005 ; Peerschke 
et al.  2006 ).  Phosphatidyl serine      on activated platelet surfaces can activate  C1   to 
 C1q   which can bind to the  platelet receptor cC1qR      leading to activation of α IIb β 3 , 
 platelet aggregation  ,  P selectin      expression, and platelet procoagulant activity 
(Peerschke and Ghebrehiwet  1997 ).  P-selectin   can bind  C3b   and thereby activate 
the alternative pathway leading to  C3a   generation (del Conde et al.  2005 ). Activation 
of the complement cascade is agonist dependent, with weaker responses for ADP 
and  epinephrine   ( serotonin?  ) than for  thrombin   or  arachidonic acid   (collagen/
TXA2?) (Peerschke et al.  2006 ). Granule secretion by activated platelets and the 
release of  chondroitin sulphate   also further activates the classical complement path-
way (Hamad et al.  2008 ). Complement activation leads to the generation of C3a, 
 C4a   and  C5a  . C3a, C4a and C5a can recruit infl ammatory cells to the site of injury. 
C3a enhances platelet responses to agonists such as ADP and thrombin. C5a can 
activate endothelial cells to express tissue factor, while  C5b-9   can induce  platelet 
activation   and procoagulant responses in platelets (Peerschke et al.  2008 ). 
Complement inhibitors specifi c for the  alternative pathway   and C3b have been iden-
tifi ed in the hard ticks  I. scapularis  and  I. ricinus  and have been shown to belong to 
the  Isac   family (Ribeiro  1987a ; Valenzuela et al.  2000 ; Daix et al.  2007 ; Couvreur 
et al.  2008 ). Members of the  Isac family   can also bind to  properdin     , thereby accel-
erating the decay of  C3 convertase   and inhibiting the alternative complement path-
way (Tyson et al.  2007 ,  2008 ). Soft ticks from the genus  Ornithodoros  inhibits the 
 classical pathway   and specifi cally complement  C5   using  lipocalins   from the mou-
batin-clade (Nunn et al.  2005 ; Roversi et al.  2007 ; Mans and Ribeiro  2008a ).  Saliva   
from the  sand fl ies   L. longipalpis ,  L. migonei , the assasin bugs   Panstrongylus megis-
tus   ,  Tr. brasiliensis  and  R. prolixus  could inhibit the classical complement pathway, 

   Table 17.3B    Immuno-modulators from insects   

 Species  Name  Target  Family  Reference 

  Lutzomyia 
longipalpis  

  SALO    Complement C4  Novel  Cavalcante et al. ( 2003 ), 
Mendes-Sousa et al. ( 2013 ), 
Ferreira et al. ( 2016 ) 

   Lutzomyia 
migonei    

 NA  Complement  ND  Cavalcante et al. ( 2003 ) 

   Panstrongylus 
megistus    

 NA  Complement  ND  Cavalcante et al. ( 2003 ) 

   Triatoma 
brasiliensis    

 NA  Complement  ND  Cavalcante et al. ( 2003 ) 

   Rhodnius prolixus     NA  Complement  ND  Cavalcante et al. ( 2003 ) 
  Rhodnius prolixus    Nitrophorins        Histamine    Lipocalin  Ribeiro and Walker ( 1994 ), 

Weichsel et al. ( 1998 ); 

  Indicated are the common name for the immuno-modulators, its molecular target and the protein 
family to which they belong.  ND  not determined  
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while the mosquito  Ae. aegypti  and the  cat fl ea    Ct. felis  could not (Cavalcante et al. 
 2003 ; Mendes- Sousa et al.  2013 ).  SALO  , an 11 kDa protein with no known homol-
ogy was recently identifi ed as the inhibitor from  L. longipalpis  that targets the clas-
sical complement pathway and inhibits C4b deposition and C4 cleavage (Ferreira 
et al.  2016 ). Saliva from the sand fl y,  L. longipalpis , could also inhibit the alterna-
tive complement pathway (Mendes-Sousa et al.  2013 ). While inhibitors for the 
complement pathway from fast-feeders certainly aim to limit the infl ammatory 
responses of C3 and C5, the major role in feeding may lie in neutralizing the impact 
that complement have on  platelet aggregation   and coagulation.

     Neutrophils      are recruited into sites of injury within minutes after injury where 
they secrete  serine proteases   involved in infl ammatory responses. They also  secrete 
   neutrophil extracellular traps (NETs)   that are composed of a web of chromatin 
fi bers and serine  proteases  . NETs play an important role in infl ammation and hemo-
stasis ( platelet activation   and blood coagulation) (Massberg et al.  2010 ; Gould et al. 
 2014 ). Platelets can also contribute towards NET formation via secretion of  throm-
boxane A2   (TXA2) (Caudrillier et al.  2012 ). The triatomine bugs  D. maxima  and  Tr. 
infestans  are able to scavenge TXA2 and inhibit platelet-mediated NET formation 
via the  lipocalins  ,  dipetalodipin   and  triplatin   (Mizurini et al.  2015 ). Triplatin and 
dipetalodipin can also inhibit collagen-induced  platelet aggregation   due to their 
TXA2 scavenging properties (Morita et al.  2006 ; Assumpção et al.  2010 ; Ma et al. 
 2012 ). TXA2 scavenging by the soft tick lipocalins ( moubatin   and  TSGP3)   from  Or. 
moubata  and  Or. savignyi  has also been observed and functions to inhibit collagen- 
mediated platelet aggregation (Mans and Ribeiro  2008a ), but probably also function 
to inhibit platelet mediated NET formation. Interestingly,  saliva   from  I. ricinus  did 
not inhibit NET formation, which may indicate that it lacks TXA2 scavenging capa-
bilities, although platelet mediated NET formation was not tested (Menten-Dedoyart 
et al.  2012 ). TXA2 scavenging was also not determined, although it was shown that 
 leukotriene B4   (LTB4) could be scavenged by the  I. ricinus  lipocalin Ir- LBP   
(Beaufays et al.  2008 ), a function that can also be performed by moubatin and 
TSGP3 (Mans and Ribeiro  2008a ). This does not imply that Ir-LBP will also scav-
enge TXA2, since  TSGP2   from  Or. savignyi  can bind LTB4, but not TXA2 (Mans 
and Ribeiro  2008a ). The mosquito  An. stephensi  scavenge TXA2 via  D7L1   (D7 
odorant binding family) and inhibits collagen-mediated  platelet aggregation   
(Alvarenga et al.  2010 ), but will presumably also inhibit platelet-mediated NET 
formation. An  endonuclease      is secreted by the mosquito  C. quinquefasciatus  (Calvo 
and Ribeiro  2006 ), which could presumably also function in NET degradation. 
Endonucleases has also been found in salivary gland transcriptomes of  frog biting 
midges      (Ribeiro et al.  2014a ),  horse fl ies   ( Ribeiro et al. 2015a ),  sand fl ies   (Valenzuela 
et al.  2004 ; Anderson et al.  2006 ; Oliveira et al.  2006 ; Hostomská et al.  2009 ),  stable 
fl ies   (Wang et al.  2009 ) and  tsetse fl ies   (Alves-Silva et al.  2010 ). LTB4 is generated 
by activated innate immune cells such as  neutrophils  ,  macrophages      and  mast cells      
and is an important stimulus for  neutrophil   migration, aggregation and degranula-
tion during infl ammation (Bäck et al.  2004 ,  2007 ; Ohnishi et al.  2008 ). Other 
immune cells such as  eosinophils     ,  monocytes  /macrophages,  mast cells   and  den-
dritic cells         are also recruited by LTB4 into the site of injury (Bäck et al.  2004 ,  2007 ; 
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Ohnishi et al.  2008 ). Scavenging of LTB4 will prevent infi ltration into the feeding 
site and has been discussed for ticks. The sand fl y  L. longipalpis  could inhibit the 
production and effects of LTB4 on neutrophil migration (Monteiro et al.  2005 ). 
  Phlebotomus papatasi    and  Ph. duboscqi   saliva   also inhibited production of LTB4 
by  neutrophils   (Carregaro et al.  2008 ). 

 The  serine proteases       cathepsin G   and  elastase   are secreted by  neutrophils   during 
NET formation (Gardiner and Andrews  2012 ). Cathepsin G function to activate 
platelets, while elastase potentiate the activity of cathepsin G on  platelet aggrega-
tion   (Selak et al.  1988 ; Renesto et al.  1992 ; Selak  1992 ). Inhibitors capable of inhib-
iting cathepsin G induced platelet aggregation have been characterized in the hard 
tick  I. ricinus , named  IRS2   –  I. ricinus  -serpin 2      (Chmelar et al.  2011 ). Iris can also 
inhibit  chymase  , which is produced by activated  mast cells   and function with 
cathepsin G to activate  connective tissue-activating peptide-III (CTAP-III)      secreted 
by activated platelets to neutrophil-2 (NAP-2), that activate  neutrophils   and serve as 
chemoattractant (Schiemann et al.  2006 ). A  fXa  , cathepsin G and chymase inhibitor 
named  Simikunin   were characterized from the black fl y  Si.    vittatum    (Tsujimoto 
et al.  2012 ). A number of  elastase inhibitors   were characterized in hard ticks (Tanaka 
et al.  1999 ; Sant’Anna Azzolini et al.  2003 ; Sasaki et al.  2004 ; Prevot et al.  2006 ; 
Soares et al.  2012 ; Cao et al.  2013 ; Mulenga et al.  2013 ; Rodriguez-Valle et al. 
 2015 ). They either belong to the  Kunitz/BPTI   or the serpin families (Tables  17.3A ). 

  Neutrophils   also secrete the potent platelet activator,  platelet activating factor 
(PAF)   (Renesto et al.  1992 ). The mosquito  C. quinquefasciatus  secretes a  phospho-
lipase C   enzyme capable of hydrolyzing PAF thereby inhibiting PAF-induced 
  platelet aggregation  , while  A.aegypti  and  An. gambiae  did not exhibit this activity 
(Ribeiro and Francischetti  2001 ). 

  Monocytes      migrate into the site of injury within 2 hours after injury and mature 
to  macrophages   that ingest and remove cellular debries, secrete growth factors and 
 cytokines      that promote the proliferation phase,  angiogenesis  , proliferation of cells 
involved in ECM synthesis.  Iris   can also bind to  monocytes   and  macrophages  , 
inhibiting secretion of  tumor necrosis factor–alpha   (TNFα), acting in an anti- 
infl ammatory manner (Prevot et al.  2009 ). TNFα acts as a recruitment factor during 
 wound healing   by inducing the secretion of cytokines such  as      macrophage infl am-
matory protein-2,  cytokine-induced neutrophil chemoattractant       and   interleukin-8 
that attract  macrophages   and  neutrophils   to the site of injury (Driscoll et al.  1997 ). 
 Iris   also inhibit the production of pro-infl ammatory cytokines  interferon-ϒ  ,  inter-
leukin- 6   and interleukin-8 by T-cells and PBMCs, and inhibits  elastase  , prolongs 
the contact phase of the blood-clotting cascade and promote fi brinolysis (Leboulle 
et al.  2002 ; Prevot et al.  2006 ). 

  Mast cells      carry a variety of components in their granules which include  hista-
mine     ,  serotonin  ,  heparin  , PAF, LTC4, TXA2,    prostaglandin  D2  , cytokines,  eosino-
phil chemotactic factor     , chymase, cathepsin G and  β-tryptase     , the most abundant 
secretory serine protease in these cells (Ribatti and Ranieri  2015 ).  Basophils      also 
carry histamine and  heparin  . In both cell types, binding of allergens to receptor 
bound immunoglobin E induces secretion of granules (Ribatti and Ranieri  2015 ). 
Inhibitors and  scavengers   of histamine,  serotonin  , PAF, LTC4, TXA2, heparin and 
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cathepsin G were described above. Tryptase induce fi broblast migration and prolif-
eration,  collagen   synthesis, tissue wound repair and remodeling and angiogenesis 
(Ribatti and Ranieri  2015 ). The hard tick   Rhipicephalus appendiculatus    secrete a 
 tryptase inhibitor (TdPI)   that inhibit tryptase and  plasmin  . Injection of TdPI into 
mice ears resulted in the uptake of  TdPI   into  mast cells   and localization within the 
cytosolic granules, where it presumably inhibit tryptase (Paesen et al.  2007 ). 
 Tryptogalinin      from the ixodid  I. scapularis  also inhibits tryptase,  elastase   and plas-
min and seems to be evolutionary related to TdPI (Valdés et al.  2013 ).   

17.6     The   Sialoverse   

 The sialoverse describes all proteins secreted from the salivary glands of blood- 
feeding arthropods during feeding and may be seen as a systematic organization of 
these proteins into protein families, domains or folds (galaxies) in the larger  sialome   
universe (Ribeiro and Arca  2009 ). Each galaxy expands or contracts as genes 
undergo duplication or are lost, species diverge or becomes extinct and members are 
separated by their evolutionary distance in time since divergence. Some galaxies 
(protein families) expand much faster than others due to gene duplication and pref-
erential expansion of specifi c protein families in different blood-feeding lineages 
(Tables  17.4A  and  17.4B ). Galaxies may become sister-galaxies as  lineage specifi c 
expansion   occur in different lineages. The size of the sialoverse is therefore not 
fi xed, but depends on lineage specifi c history (species divergence and adaptation to 
 hematophagy  ), as well as environmental effects such as  mass extinction   events, and 
therefore also acknowledge historical events and is not purely a description of extant 
sialomes. Our own knowledge of the sialoverse also depends on taxonomic sam-
pling as well as sequence coverage and is closely linked with historical progress in 
science and technology.

    Our knowledge regarding the sialoverse in the twentieth century depended on 
physiological and biochemical assays that indicated that biologically active compo-
nents were present in the  saliva   or salivary extracts of blood-feeding arthropods 
(Ribeiro  1987b ,  1995 ). We also obtained glimpses of its complexity in the protein 
profi les observed in polyacrylamide gels or chromatograms that aimed to analyze 
salivary gland complexity. Prior to 1990 we had no specifi c knowledge regarding 
the molecular identities of these proteins and the sialoverse were a conceptualiza-
tion of generalized functionalities with regard to vector-host interactions (Ribeiro 
 1987b ; Titus and Ribeiro  1990 ; Law et al.  1992 ). 

 From 1990 to 2000, individual genes or proteins were sequenced and could be 
placed into known or novel protein families or folds (Waxman et al.  1990 ; Keller 
et al.  1993 ; Karczewski et al.  1994 ; Champagne et al.  1995a ,  1995b ; Cupp et al. 
 1998 ; Joubert et al.  1998 ; Valenzuela and Ribeiro  1998 ; Valenzuela et al.  1998 , 
 1999 ; Charlab et al.  1999 ; Paesen et al.  1999 ). By the end of the millennium the total 
number of proteins and functions described for blood-feeding arthropods were in 
the low hundreds (Ribeiro and Francischetti  2003 ). The advent of conventional 
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      Table 17.4A    Salivary gland transcriptomes generated for ticks   

 Species 
 Library 
type 

 Secretory 
proteins  Most expanded  2n Most expanded  Reference 

  Argasidae  
  Argas 
monolakensis  

 C  137  Lipocalin (32)  BTSP (21)  Mans et al. 
( 2008a ) 

  Antricola 
delacruzi  

 C  25  Mucin (6)  Metalloprotease 
(3) 

 Ribeiro et al. 
( 2012b ) 

  Ornithodoros 
coriaceus  

 C  123  Lipocalin (39)  BTSP (19)  Francischetti 
et al. ( 2008b ) 

  Ornithodoros 
parkeri  

 C  132  Lipocalin (48)  BTSP (20)  Francischetti 
et al. ( 2008a ) 

  Ixodidae  
  Ixodes 
pacifi cus  

 C  66  BTSP (16)  Lipocalin (10)  Francischetti 
et al. ( 2005b ) 

  Ixodes ricinus   C  129  BTSP (47)  BPTI (18)  Chmelar et al. 
( 2008 ) 

   Ixodes ricinus     N  3882  Lipocalin (564)  Metalloprotease 
(564) 

 Schwarz et al. 
( 2013 ) 

  Ixodes ricinus   N  3670  Lipocalin (568)  BPTI (478)  Kotsyfakis et al. 
( 2015 ) 

   Ixodes 
scapularis    

 C  76  BPTI (26)  BTSP (22)  Valenzuela et al. 
( 2002a ) 

  Ixodes 
scapularis  

 C  274  BPTI (44)  BTSP (42)  Ribeiro et al. 
( 2006 ) 

   Amblyomma 
americanum    

 C  193  Lipocalin (69)  BPTI (65)  Aljamali et al. 
( 2009 ) 

  Amblyomma 
americanum  

 C  104  Lipocalin (31)  BTSP (9)  Gibson et al. 
( 2013 ) 

  Amblyomma 
americanum  

 N  849  Lipocalin (213)  BPTI (110)  Karim and 
Ribeiro, ( 2015 ) 

  Amblyomma 
maculatum  

 N  886  Lipocalin (304)  Metalloprotease 
(147) 

 Karim et al. 
( 2011 ) 

  Amblyomma. 
variegatum  

 C  140   Metalloprotease   
(18) 

 Lipocalin (12)  Ribeiro et al. 
( 2011 ) 

  Amblyomma 
cajennense  

 N  1362  Lipocalin (275)  BPTI (187)  Garcia et al. 
( 2014 ) 

  Amblyomma 
parvum  

 N  476  Lipocalin (109)  BPTI (61)  Garcia et al. 
( 2014 ) 

  Amblyomma 
triste  

 N  1761  Lipocalin (589)  BPTI (135)  Garcia et al. 
( 2014 ) 

  Haemaphysalis 
fl ava  

 N  –  –  –  Xu et al. ( 2015 ) 

   Haemaphysalis 
longicornis    

 N  –  –  –  Tirloni et al. 
( 2015 ) 

  Hyalomma 
marginatum 
rufi pes  

 C  43  Lipocalin (5)  BPTI (2)  Francischetti 
et al. ( 2011 ) 

(continued)
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cDNA library sequencing resulted in an increase of those  sialomes   characterized to 
several hundred genes per sialome in 2002 (Francischetti et al.  2002c ; Nene et al. 
 2002 ; Valenzuela et al.  2002a ,  2002b ). Our knowledge of sialome complexity for a 
specifi c lineage depended on the number of clones that were sequenced (several 
hundreds, to thousands or tens of thousands), whether the same sialome was char-
acterized by different groups or whether cDNA libraries were normalized or 
sequenced directly (Tables  17.4A  and  17.4B ). Direct sequencing without normal-
ization showed that it was useful to detect abundant transcripts which generally 
corresponded with secretory products, while normalization tended to enhance the 
detection of housekeeping proteins. Our roadmap seemed clear as more and more 
salivary gland transcriptomes were sequenced and with every sialome added to the 
sequence database, the underlying structure of each protein galaxy in each taxo-
nomic lineage became clear. 

 The second decade of the twenty-fi rst century virtually exploded with the matu-
ration of next-generation sequencing technologies (Martin and Wang  2011 ). For 
ticks the total number of known proteins at the time (~9524) was almost matched in 
the  sialome   of a single tick species (Karim et al.  2011 ). Subsequent sialomes 
sequenced for ticks confi rmed that secretory proteins range in the thousands (Gibson 
et al.  2013 ; Schwarz et al.  2013 ; Garcia et al.  2014 ; Karim and Ribeiro  2015 ; 
Kotsyfakis et al.  2015 ; de Castro et al.  2016 ). The same phenomenon was observed 
for the limited number of sialomes sequenced for insects using next-generation 
sequencing (Chagas et al.  2013 ; Ribeiro et al.  2014a ,  2015b ; Schwarz et al.  2014 ). 

Table 17.4A (continued)

 Species 
 Library 
type 

 Secretory 
proteins  Most expanded  2n Most expanded  Reference 

  Dermacentor. 
andersoni  

 C  139  Lipocalin (21)  BPTI (21)  Alarcon-
Chaidez et al. 
( 2007 ) 

  Dermacentor 
andersoni  

 N  –  –  –  Mudenda et al. 
( 2014 ) 

  Rhipicephalus 
appendiculatus  

 C  107   Metalloprotease   
(24) 

 BTSP (6)  Nene et al. 
( 2004 ) 

  Rhipicephalus 
appendiculatus  

 N  2134  Lipocalin (516)  BPTI (236)  de Castro et al. 
( 2016 ) 

  Rhipicephalus 
microplus  

 N  93  Lipocalin (49)  BPTI (2)  Tirloni et al. 
( 2014 ) 

  Rhipicephalus 
pulchellus  

 N  1414  Lipocalin (331)  BPTI (196)  Tan et al. ( 2015 ) 

  Rhipicephalus 
sanguineus  

 C  102  Lipocalin (31)  BPTI (10)  Anatriello et al. 
( 2010 ) 

  Indicated is the library type (conventional or next-generation sequencing), the number of secretory 
proteins, the most expanded protein family and the number in parenthesis, the second most 
expanded and the number in parenthesis. Abbreviations are for the basic pancreatic trypsin inhibi-
tor (BPTI) and  basic tail secretory protein (BTSP)   families. Where no data is available in the 
sequence database or the reference it is indicated with –  
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      Table 17.4B    Salivary gland transcriptomes generated for insects   

 Species 
 Library 
type 

 Secretory 
proteins  Most expanded 

 2nd Most 
expanded  Reference 

  Bed    bug    
   Cimex lectularius     C  68  OBP (14)  Inositol 

Polyphosphate 
Phosphatase (14) 

 Francischetti 
et al. ( 2010 ) 

   Biting midges    
  Culicoides 
nubeculosus  

 C  32  OBP (9)  BPTI (7)  Russel et al. 
( 2009 ) 

   Culicoides 
sonorensis    

 C  64  OBP (12)  BPTI (4)  Campbell et al. 
( 2005 ) 

  Black    fl ie    s  
  Simulium guianense   C  428  D7 (72)  SVEP vasodilator 

(56) 
 Chagas et al. 
( 2011 ) 

   Simulium 
nigrimanum    

 C  245   Aegyptin   (10)  OBP (8)  Ribeiro et al. 
( 2010b ) 

   Simulium vittatum     C  124  Pro/Glu-rich 
(19) 

 SVEP (19)  Andersen et al. 
( 2009 ) 

   Fleas    
   Ctenocephalides 
felis    

 C  91   Acid 
phosphatase   
(21) 

 FS-H (19)  Ribeiro et al. 
( 2012a ) 

  Xenopsylla cheopis   C  84  FS-H (15)  Acid phosphatase 
(10) 

 Andersen et al. 
( 2007 ) 

  Frog biting    midge    s  
  Corethrella 
appendiculata  

 N  819  Serine protease 
(64) 

 OBP (35)  Ribeiro et al. 
( 2014a ) 

  Horse fl y  
  Tabanus bromius   N  320  Antigen 5 (25)  Short peptide 

family 30/2 (18) 
  Ribeiro et al. 
(2015a)  

   Mosquitoes    
  Aedes aegypti   C  38  Antigen 5 (4)  D7 (4)  Valenzuela 

et al. ( 2002b ) 
   Aedes aegypti     C  136  D7 (6)  Antigen 5 (3)  Ribeiro et al. 

( 2007 ) 
  Aedes albopictus   C  150  D7 (24)  Maltase (10)  Arcà et al. 

( 2007 ) 
  Anopheles darlingi   C  93  D7 (9)  gSG7 (3)  Calvo et al. 

( 2004 ) 
  Anopheles darlingi   C  114  D7 (12)  Aegyptin (8)  Calvo et al. 

( 2009a ) 
  Anopheles funestus   C  49  SG (1)  D7 (6)  Calvo et al. 

( 2007b ) 
  Anopheles gambiae   C  92  D7 (8)  Antigen 5 (3)  Francischetti 

et al. ( 2002c ) 

(continued)
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Table 17.4B (continued)

 Species 
 Library 
type 

 Secretory 
proteins  Most expanded 

 2nd Most 
expanded  Reference 

   Anopheles gambiae     C  155  D7 (8)  SG1 (6)  Arcà et al. 
( 2005 ) 

   Anopheles stephensi     C  74  D7 (10)  SG1 (9)  Valenzuela 
et al. ( 2003 ) 

  Culex pipiens 
quinquefasciatus  

 C  103  D7 (11)  Maltase (6)  Ribeiro et al. 
( 2004a ) 

  Culex tarsalis   C  80  D7 (8)  Aegyptin (8)  Calvo et al. 
( 2010a ) 

  Ochlerotatus 
triseriatus  

 C  182  Aegyptin (5)  D7 (4)  Calvo et al. 
( 2010b ) 

  Psorophora albipes   N  802  Long-D7 (26)  Short-D7 (23)  Chagas et al. 
( 2013 ) 

  Sand    fl ie    s  
   Lutzomyia 
longipalpis    

 C  28  C-type lectin 
(5) 

 Yellow (3)  Valenzuela 
et al. ( 2004 ) 

  Phlebotomus 
arabicus  

 C  74  27 kDa (6)  25 kDa (6)  Hostomská 
et al. ( 2009 ) 

  Phlebotomus 
argentipes  

 C  30  PpSP15 (5)  D7 (2)  Anderson et al. 
( 2006 ) 

  Phlebotomus ariasi   C  24  D7 (3)  PpSP15 (2)  Oliveira et al. 
( 2006 ) 

   Phlebotomus 
duboscqi    

 C  38  PpSP12 (9)  PpSP15 (3)  Kato et al. 
( 2006 ) 

  Phlebotomus 
orientalis  

 C  26  PpSP15 (5)  D7 (4)  Vlkova et al. 
( 2014 ) 

   Phlebotomus 
papatasi    

 C  53  PpSP14 (10)  PpSP28 (7)  Abdeladhim 
et al. ( 2012 ) 

  Phlebotomus 
pernisiosus  

 C  30  PpSP15 (3)  D7 (3)  Anderson et al. 
( 2006 ) 

  Stable fl y  
   Stomoxys calcitrans     C  27   Thrombostasin   

(3) 
  Antigen 5   (3)  Wang et al. 

( 2009 ) 
   Triatomines    
  Panstrongylus 
megistus  

 C  29  Lipocalin (19)  Serine protease 
(4) 

 Bussacos et al. 
( 2011a ) 

   Panstrongylus 
megistus    

 N  635  Lipocalin (87)   Kazal   (13)   Ribeiro et al. 
(2015b)  

   Rhodnius prolixus     C  74  Lipocalin (62)  Antigen 5 (2)  Ribeiro et al. 
( 2004b ) 

  Rhodnius brethesi   C  24  Lipocalin (22)  MYS1 (1)  Bussacos et al. 
( 2011b ) 

  Rhodnius robustus   C  40  Lipocalin (36)  Antigen 5 (1)  Bussacos et al. 
( 2011b ) 

(continued)
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As such, conventional sequencing indicated that the numbers of secretory proteins 
range in the lower hundreds. The few salivary transcriptomes sequenced to date 
with next-generation sequencing technologies all indicate values for secretory 
 proteins at least ten fold higher than their conventional sequencing partners. Whether 
this is an artefact of the next-generation sequencing technologies (Martin and Wang 
 2011 ), cannot yet be ascertained, since those sequenced with these technologies do 
not have completed genomes. For those insects for which genomes have been deter-
mined the number of protein family members in the genome corresponds with those 
obtained by conventional sequencing approaches for those genes which shows  lin-
eage specifi c expansion  . For example, the sialome of  R. prolixus  indicated 62  lipo-
calins   (Ribeiro et al.  2004b ), while genome sequencing indicated the presence of 51 
lipocalin genes (Mesquita et al.  2015 ). Next generation sequencing of the digestive 
tract (non-salivary) detected 88 lipocalins (Ribeiro et al.  2014b ). 

 The sialoverse are a historical documentation of the adaptation to the vector-host 
interface and may be used to inform us regarding the evolutionary history of  hema-
tophagy   in arthropods (Mans  2011 ). Hypotheses regarding the origins of blood- 
feeding in various lineages may be addressed, since comparative analysis should 
enable us to fi nd orthologous genes with functions evolved specifi cally for adapta-
tion to hematophagy and these would support the  evolution   of blood-feeding behav-
ior in the last common ancestor. Comparative analysis may also allow us to discover 
the deeper generalities of adaptation to the blood-feeding interface, i.e. features 
common to sialomes that is not apparent by simple comparison of genes (Mans 
 2011 ). In this regard, the following features was previously identifi ed: 

Table 17.4B (continued)

 Species 
 Library 
type 

 Secretory 
proteins  Most expanded 

 2nd Most 
expanded  Reference 

   Triatoma brasiliensis     C  370  Lipocalin 
(341) 

 Kazal (9)  Santos et al. 
( 2007 ) 

  Triatoma dimidiata   C  80  Lipocalin (58)  Antigen 5 (6)  Kato et al. 
( 2010 ) 

  Triatoma infestans   C  118  Lipocalin (69)  Trialysin (14)  Assumpção 
et al. ( 2008 ) 

  Triatoma infestans   N  2228  Lipocalin 
(109) 

 Antigen 5 (8)  Schwarz et al. 
( 2014 ) 

  Triatoma rubida   C  93  Lipocalin (74)  Antigen 5 (10)  Ribeiro et al. 
( 2012c ) 

  Tsetse fl y  
   Glossina morsitans 
morsitans    

 C  550   Endonuclease   
(19) 

 Antigen 5 (4)  Alves-Silva 
et al. ( 2010 ) 

  Indicated is the library type (conventional or next-generation sequencing), the number of secretory 
proteins, the most expanded protein family and the number in parenthesis, the second most 
expanded and the number in parenthesis. Abbreviations are for the basic pancreatic trypsin inhibi-
tor (BPTI) and  basic tail secretory protein (BTSP)   families. Where no data is available in the 
sequence database or the reference it is indicated with –  
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17.6.1     Different Lineages Have Unique Salivary Gland 
Repertoires 

 A comparison of  sialomes   indicates that various lineages possess different domi-
nant families (Tables  17.4A  and  17.4B  and references therein), implying that these 
lineages diverged before adaptation to a blood-feeding lifestyle. The salivary gland 
repertoires of  assassin bugs  ,  bed bugs   and  fl eas   differ completely from the hema-
tophagous dipterans, while the bracyceran fl ies differ from the nematocerans. Ticks 
differ again from the insects in the majority of the protein families. During the  evo-
lution   of blood-feeding, different lineages would utilize those families currently 
expressed in the salivary gland and these may have been preselected based on the 
specifi c environmental niche occupied by the parasite at that specifi c time. As such, 
some may have been phytophagous,  scavengers  , arthropod  parasites  , non- 
hematophagous vertebrate parasites or  predators   (Mans  2011 ). It can be expected 
that whenever a new sialome from a distant lineages is determined, it will certainly 
differ from those already known and we should expect interesting new results for 
hematophagous acariform and mesostigmatid  mites  ,  copepods  ,  isopods  ,  tongue 
worms  ,  lice  ,  snipe fl ies   and  moths  . It would also be interesting to see whether hip-
poboscid and the bat fl ies will have salivary gland repertoires that is similar to the 
 tsetse fl ies  .  

17.6.2     Similar Protein Family Repertoires Are Found 
in the   Sialomes   of Closely Related Lineages 

 Lineages that share a common ancestor and who may have had similar environmen-
tal niches before adaptation to a blood-feeding environment, would have had similar 
salivary gland repertoires before adapting to a blood-feeding environment. The 
same protein families may be found in the sialomes, but few orthologous genes may 
be present if these lineages adapted to blood-feeding independently (Mans  2011 ). In 
this regard, comparative analysis of sialomes may assist in interpreting the evolu-
tionary history of blood-feeding, especially for lineages with contentious interpreta-
tions regarding the  evolution   of blood-feeding. 

 An hypothesis regarding a common hematophagous origin for all hemipterans 
could be falsifi ed given the differences observed in sialomes of the  Cimicidae   and 
the  Reduviidea  . Within the Reduviidea, a common origin for blood-feeding has 
been proposed based on systematic analysis (Weirauch and Munro  2009 ; Patterson 
and Gaunt  2010 ). This may even be supported by the large expansion of  lipocalins   
observed in all sialomes described to date for the  Reduviidae   that is absent in the 
Cimicidae (Ribeiro et al.  2012d ). However, even though a signifi cant number of 
lipocalins have been assigned functions, few orthologs can be found between 
 Rhodnius  and the other triatomine genera ( Triatoma ,  Dipetalogaster  and 
 Panstrongylus ) (Santos et al.  2007 ; Assumpção et al.  2008 ; Kato et al.  2010 ; 
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Assumpção et al.  2011 ; Mans  2011 ; Ribeiro et al.  2012d ; Schwarz et al.  2014 ). 
Orthologs seem to be recovered between  Triatoma ,  Dipetalogaster  and  Panstrongylus  
(Assumpção et al.  2011 ; Schwarz et al.  2014 ), but systematic analysis indicate that 
 Dipetalogaster  and  Panstrongylus  group within the  Triatoma  clade and it may thus 
be expected (Ibarra-Cerdeña et al.  2014 ). The  Triatominae   is not monophyletic with 
regard to hematophagous lineages, since  Rhodnius  group with predatory  Reduviinae   
and independent evolution of blood-feeding behavior could not be excluded (Hwang 
and Weirauch  2012 ; Ibarra-Cerdeña et al.  2014 ). What may be more surprising is 
the recent evolution of blood-feeding behavior in the  triatomines   (~32–12 MYA), 
the extensive  lineage specifi c expansion   of  lipocalins   and the divergence among the 
various paralogs. Compared to soft ticks, where orthologs involved in anti- 
hemostatic and immune responses have been conserved more than 230 million 
years (Mans and Ribeiro  2008b ; Mans et al.  2008b ,  2008c ,  2012 ), the divergence of 
the triatomine lipocalins, may suggest that the lineages diverged before adaptation 
to blood-feeding was fully attained. What would be of interest is the sequencing of 
a non-hematophagous triatomine to determine whether lipocalin expansions in the 
salivary glands is a common feature. The salivary transcriptome of the large milk-
weed bug,   Oncopeltus fasciatus    which belongs to the  Pentatomorpha   was sequenced 
(Francischetti et al.  2007 ). No lipocalins could be detected, probably since the 
 Reduviidae   diverged from other  Heteroptera   more than 200 MYA (Hwang and 
Weirauch  2012 ). The one “smoking gun” that point to a common origin for  hema-
tophagy   in the  Triatominae   is the  thrombin inhibitors   found in the midguts of the 
 assassin bugs  .  Rhodniin   and the  infestins   are Kazal-type thrombin inhibitors that 
derive from  R. prolixus  and  Tr. infestans , respectively (Friedrich et al.  1993 ; Campos 
et al.  2002 ). They retrieve each other using reciprocal best BLAST hit analysis sug-
gesting that these  Kazal   inhibitors are orthologs. If these are indeed orthologs, it 
may indicate that larger diversifi cation occurred in the salivary glands compared to 
midgut proteins, and that many more orthologs may be found in the midgut 
transcriptomes. 

 Ticks exhibit the same puzzling phenomenon as observed for the triatomines. 
Very few orthologs are conserved between the soft and hard tick families, even 
though they possess the same major protein families such as  lipocalins  ,  Kunitz/
BPTI  ,  metalloproteases   and  basic tail secretory protein (BTSP)   (Mans and Neitz 
 2004 ; Mans et al.  2008a ; Mans  2011 ). However, systematic relationships of the 
three families (Argasidae, Ixodidae and  Nuttalliellidae  ) imply that blood-feeding 
must have evolved in the ancestral lineage (Mans et al.  2011 ,  2012 ). Even so, little 
conservation of characters involved in blood-feeding not related to tick-host interac-
tion are observed between the soft and hard tick families (Mans  2014 ). Characters 
unique to the hard and soft tick families are found in the monotypic family, 
 Nuttalliellidae   (Mans et al.  2012 ), and it was suggested that these characters were 
present in the ancestral lineage. This argues for a common origin of a blood-feeding 
lifestyle, but independent evolution of salivary gland functions after divergence of 
the lineages (Mans et al.  2016 ). A possible reason for rapid speciation during adap-
tation to a blood-feeding lifestyle, may be the availability of numerous host species 
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with similar defense mechanisms and the vast opportunity this have for potential 
new niches and host specialization. 

 The other potential interesting case of evolution of  hematophagy   in a large group 
of blood-feeding lineages, are the  Nematocera  . Comparison of the sialomes of 
 Psychodomorpha   and  Culicomorpha   suggest that these lineages adapted indepen-
dently to blood-feeding since they only share two main secretory families and most 
of their anti-hemostatic functions are performed by different protein families 
(Ribeiro et al.  2010a ). The Culicomorpha is more interesting, since a variety of 
lineages with different biology are hematophagous. This includes  mosquitoes  ,    frog 
 biting midges  , biting midges and  black fl ies  . In the  Culicomorpha   an extensive 
number of families are unique to each lineage (Ribeiro et al.  2010a ). While the 
odorant binding/ D7 proteins   are found in all lineages and also seem to be prone to 
gene duplication, even the functions as kratagonists are not conserved. Again, if 
blood-feeding originated in the ancestral Culicomorpha lineage, it would seem as if 
speciation occurred during adaptation to a blood-feeding lifestyle. 

 The argument has been made that the diversity observed in sialomes are indica-
tive of host immune pressure that forces constant change in salivary repertoires, 
evolution of function and loss of orthologous genes, with the implication that a 
constant arms race between vector salivary repertoires and host immunity exist 
(Francischetti et al.  2009 ). This argument have some merit, but it does not explain 
why orthologous genes are indeed found within genera, where orthologous function 
has been conserved at least as long as the divergence from other sister genera (Mans 
and Ribeiro  2008b ; Mans et al.  2008b ; Mans  2014 ). Other explanations that could 
explain diverse salivary gland repertoires may be simple stochastic birth and death 
of genes and gene families (Eirín-López et al.  2012 ), and that lineages may have 
diverged while still adapting to blood-feeding.   

17.6.3     The Same Protein Families Are Prone to Expansion 
in Closely Related Lineages 

 All lineages have specifi c protein families that show extensive gene duplication. 
This is observed for  lipocalins   in  assassin bugs   and ticks, the cimex  nitrophorin  / inositol 
polyphosphate 5 phosphatase   family in  bed bugs  , the  endonuclease      family in  tsetse 
fl ies  , the  acid phosphatase   and  FS1 antigen   families in  fl eas  , the  odorant-binding  /D7 
family in bed bugs, mosquitoes,  sand fl ies  , and  biting midges  ,  the   antigen 5 and 
 thrombostasin   family in  stable fl ies   (Tables  17.4A  and  17.4B ). 

 In general these families also constitute the most abundant proteins in  the   sia-
lomes. Gene duplication is an important mechanism to increase the expression lev-
els of proteins and may account for expansion (Rogozin  2014 ). Expansion may also 
be related to the genes expressed in the salivary glands at the time of blood-feeding 
evolution and therefore available for innovation. In many cases these families are 
involved in scavenging functions of the kratagonists and their specifi c functionality, 
i.e. tight binding of small bioactive molecules, will only allow proteins with 
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architectures compatible with this function to be used. The high diversity observed 
for these abundant families suggest that they have higher mutational rates than nor-
mal cellular proteins, i.e. indicative of positive selection. Duplication of highly 
expressed genes that is secreted into an extracellular environment, and would there-
fore not jeopardize existing cellular functions, could also be a mechanism to experi-
ment with high mutation rates that would allow evolution of new function. Gene 
duplication and subfunctionalization could therefore be a self-propelling mecha-
nism to generate diversity in sialomes (Mans  2011 ).  

17.6.4     Different Blood-Feeding Lineages Target the Same 
Host Defense Mechanisms 

 From the discussions above regarding host defenses and vector counter-measures it 
is clear that the same key components of the host defenses are targeted by hema-
tophagous arthropods (n). This might be expected or even seem logical (Ribeiro 
 1995 ), but has only been confi rmed empirically over the last 20 years. It attests to 
the importance that the vertebrate targets play in vertebrate defenses but also make 
the argument that anti-defense mechanisms are very important in the acquisition of 
a blood-meal. The redundancy observed in  sialomes   only match the redundancy 
observed in host defense mechanisms. Whether this is evidence of an arms race is 
not certain. It has been speculated that hematophagous arthropods may have infl u-
enced the evolution of host defenses (Mans  2011 ), and if so, this would satisfy the 
demand of an arms race. However, the host defense system is redundant for effec-
tive control, since defi ciencies have a signifi cant impact on survival. If this redun-
dant host defense system existed before adaptation to a blood-feeding lifestyle, 
which by most accounts seems valid, the redundancy observed in  sialomes   may 
simply refl ect the fact that multiple targets needs to be neutralized to be effective for 
successful feeding and long term contribution to species fi tness.    

17.7     Future Perspectives 

 It has been estimated that if the sialoverse is composed of a 1000 proteins, that it 
would take 20 years of concerted effort from 100 scientists, or 2000 scientist years 
to delineate each protein function (Ribeiro and Arca  2009 ). The complexities 
revealed by next-generation sequencing have indicated that the sialoverse is poten-
tially much larger, especially if we do not only consider a strict gene count, but take 
into account that different proteins may have multiple functions. A number of the 
salivary proteins have multiple functions involved in host interactions. This include 
 nitrophorin 2   that can bind NO,  histamine      and inhibit coagulation (Andersen and 
Montfort  2000 ), the double domain D7  protein   from  An. gambiae  which scavenge 
 cysteinyl leukotrienes      with the N-terminal domain and biogenic amines with the 
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C-terminal domain (Calvo et al.  2009c ), the double D7 domain protein from  An. 
stephensi  which scavenge cysteinyl leukotrienes with the N-terminal domain and 
TXA2 with the C-terminal domain (Alvarenga et al.  2010 ), the single domain D7 
protein,  D7r1  , that binds  serotonin   and inhibits  fXIIa   (Calvo et al.  2006 ), the 
moubatin- like  lipocalins   that can bind both LTB4 and TXA2, and  OMCI   that also 
targets complement C5 (Nunn et al.  2005 ; Mans and Ribeiro  2008a ),  tablysin-15      
that binds cysteinyl leukotrienes and integrins α IIb β 3  and α v β 3  (Ma et al.  2011 ; Xu 
et al.  2012 ).  Vasotab TY   that is a vasodilator and binds α IIb β 3  (Ma et al.  2009 ; Zhang 
et al.  2014 ).  Serpin 19   from  Am. americanum  that can inhibit  fXa  ,  fXIa  ,  trypsin   and 
 plasmin   (Kim et al.  2015 ).  IRS-2   from  I. ricinus  targets  cathepsin G   and  chymase   
(Chmelar et al.  2011 ). If this is the norm rather than the exception, our estimate of 
salivary function may be severely underestimated. Current estimates for the secre-
tory proteins of different  sialomes   indicate that the numbers vary from several thou-
sand for ticks, to hundreds for insects. 

 While many of these functions are performed by orthologs between various gen-
era, many seem to be lineage specifi c. A conservative estimate of unique ortholo-
gous groups may still be in the thousands. The same function may appear multiple 
times in different lineages, but since these functions are performed by non- 
orthologous genes, cannot be transferred by simple homologous relationships. 
Using the 2 years per protein characterization estimate (Ribeiro and Arca  2009 ), we 
now approach 20,000 scientist years (or 200 years of concerted efforts by 100 sci-
entists), to gain a complete functional understanding of the sialoverse and even then 
not all proteins would have been functionally characterized. Conversely, it is 
 foreseen that we should have a fairly good description of the sialoverse that covers 
the taxonomic breadth of the blood-feeding arthropods as well as the total number 
of unique orthologous groups, within the next 50 years if funding continues. Once 
we have exhausted this avenue using bioinformatic and proteomic approaches to 
validate the transcriptomes, the focus will return to biochemistry, physiology, genet-
ics, systems and structural biology to elucidate functions empirically.      
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  576–578   ,   583   ,   586   ,   589   ,   590                 
  Exoskeleton  ,   68   ,   370   ,   372   ,   374   ,   375   ,   378   , 

  392–393   ,   396      
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  Extensibility  ,   495   ,   497–500      
  Extracellular composite matrix (ECM)  ,   78   ,   82       
  Extracellular matrix  ,   68   ,   76   ,   77   ,   79   ,   81   ,   626   
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 region  ,   344   ,   346   

  Extrinsic pathway  ,   643     

 F 
  Fasciclin  ,   456   
  Fascin  ,   73   
  FASTA  ,   574   ,   575    
  Fatty acid synthase (FAS)  ,   224–228   ,   231              
  Fatty acyl-CoA reductases  ,   228   ,   230    
  Feeding strategy 

 chewing  ,   602  
 piercing  ,   603   

  Feline interferon (FeIFN)  ,   547   
  Female accessory glands  ,   417   ,   418   ,   431–432    
  Fertilization  ,   412   ,   414   ,   417   ,   425   ,   427–429   , 

  432   ,   434   ,   435          
  Fibers  ,   446   ,   447   ,   449–452   ,   454–457   ,   459–467   , 

  473–481                                                                                                         
  Fibrilization 

 at spinneret  ,   529   ,   533   
  Fibrillin  ,   631   
  Fibrin  ,   643   ,   645   
  Fibrin(ogen)lytic enzyme  ,   633   ,   648   
  Fibrinogen  ,   634   ,   636   ,   641–643   ,   647     
  Fibrinolysis 

 α2-antiplasmin  ,   643  
 α2-macroglobulin  ,   643  
 carboxypeptidase B  ,   643   ,   648  
 fi brin(ogen)lytic  ,   633  
 fXIa  ,   643  
 fXIIa  ,   643  
 kallikrein  ,   643   ,   648  
 plasmin  ,   643   ,   648  
 tissue plasminogen activator  ,   643  
 urokinase  ,   643   

  Fibroblasts  ,   631   ,   642   
  Fibrohexamerin  ,   520–522   ,   537      
  Fibroin  ,   446   ,   447   ,   459   ,   460   ,   465   ,   467   ,   471   ,   474          

 heavy chain (H-fi broin)  ,   520   
 light chain (L-fi broin)  ,   520–523   
 modulator-binding protein-1 (FMBP-1)  , 

  537   ,   539   
  Fibronectin  ,   631   ,   634   ,   650   
  Fibronectin-derived cell-adhesive 

sequence  ,   547   
   Ficus virgata   ,   304   
  Flagelliform  ,   447   ,   449–451   ,   459   ,   462–463   , 

  466              
  Fleas  ,   626   ,   629   ,   640   ,   659   ,   662   ,   664   
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  115   ,   118   ,   128          
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  Fluorapatite  ,   147–149      
  Fluorescein isothiocyanate 

(FITC)-dextrans  ,   265   
  Follicular epithelium cells  ,   329   
  Forensic entomology  ,   232   ,   240   
   Forfi cula auricularia   ,   270    
  Forkhead (Fkh)  ,   536   ,   537     
  Formic acid  ,   475   
   Formica exsecta   ,   237   
   Frankliniella occidentalis   ,   606   
  Frog biting midges  ,   633   ,   634   ,   654   ,   659   ,   664   
  Fructose-6-phosphate  ,   260   ,   306   
  FS1 antigen  ,   664   
  Fused lobes  ,   55   
  Fushi tarazu transcription factor1 (FTZ-F1)  , 

  384   ,   386     

 G 
   Galanthus nivalis  agglutinin (GNA)  ,   300   ,   301   
   Galleria mellonella   ,   520   ,   521   ,   526   ,   529   , 

  532   ,   534    
  GAL4/UAS  ,   547   
  Gametes  ,   412   ,   414   ,   415   ,   418   ,   425   ,   433–435            
  Garnystan (Gny)  ,   77   
  Gas chromatography-mass spectrometry 

(GC-MS)  ,   222   ,   234   
  Gas exchange  ,   326   ,   332–334      
  Gasp  ,   74   ,   76   
  Gastric ceaca  ,   270   
  Gastroliths  ,   145   ,   152–154       
  GATAβ  ,   340   
  GC-MS   . See  Gas chromatography-mass 

spectrometry (GC-MS)  
  Gelsolin  ,   272   
  Gene amplifi cation  ,   335   ,   337   
  Gene Ontology (GO)  ,   456   
  Gene silencing  ,   327   ,   349   ,   351   ,   355   
  Genital imaginal disc  ,   416    
  Genome editing  ,   547   ,   548    
  Geometridae  ,   241   
  German cockroach  ,   222   ,   224   ,   227   ,   236     
  Germline  ,   10   
  Germline transformation  ,   546   ,   547    
  GFP   . See  Green fl uorescent protein (GFP)  
  GGG family  ,   14   
  Gilson’s glands  ,   517   
  GlcNAc  ,   75   
   Gliocladium  sp. FTD-0668  ,   393   
   Glossina  spp.  ,   240  

  G. fuscipes   ,   633  
  G. morsitans morsitans   ,   646   ,   661   

   Glossinia morsitans morsitans   ,   265   ,   278   ,   300   
  Glossinidae  ,   629   
  Glucocorticoid  ,   10   

  Glucosamine-6-phosphate 
 N -acetyltransferase  ,    37   

  Glucose-6-phosphate isomerase  ,   37   
  Glue  ,   560   ,   562   ,   563   ,   565–567   ,   573   , 

  575–577   ,   590                 
  Glutamine  ,   495   ,   500      
  Glutamine-fructose-6-phosphate  ,   37   
  Glutamine-fructose-6-phosphate 

aminotransferase (GFAT)  ,   37   
  Glycine  ,   493   ,   495   ,   498–500       
  Glycocalyx  ,   256   ,   286   ,   293   ,   300   
  Glycomoieties 

  N -glycosylation  ,   570  
  O -glycosylation  ,   570   

  Glycoprotein  ,   496   ,   497   
  Glycosaminoglycans (GAGs)  ,   265    
   O -glycosylation  ,   263   ,   264   ,   266   ,   283   
  Glycosyltransferase  ,   74   ,   75   ,   82    
  Glycosyltransferase-2 (GT-2)  ,   40   
   Gnatocerus cornutus   ,   241   
  Granular phenoloxidase (GPO)  ,   187   ,   202    
  Granule(s) 

 densifi cation  ,   572  
 maturation  ,   564  
 secretory  ,   559–561   ,   563–567   ,   573   ,   575   ,   586         

  Granuloviruses  ,   303   
  Green fl uorescent protein (GFP)  ,   474   ,   566   , 

  581   ,   582   ,   587       
  Growth-blocking peptide (GBP)  ,   202    
  Grylloblattodea  ,   347   
   Gryllus bimaculatus   ,   333   
  Guanidinium isothiocyanate (GdmSCN)  ,   475   
  Gumfoot lines  ,   447   ,   449   ,   451   ,   462   ,   463       

 H 
  Haem  ,   78    
   Haemaphysalis longicornis   ,   37   ,   633   ,   637   ,   644   , 

  645   ,   657   
  Hemolymph  ,   71   ,   77   
  Hamadarin  ,   646   ,   649   
   Hanseniella agilis   ,   345   
  Harvestmen  ,   626   
  Hatching lines  ,   335     
  Heavy chain promoter  ,   474   
  HeLa cells  ,   480   
   Heliconius melpomene   ,   609   
   Helicoverpa  

  H. armigera   ,   383   ,   394   ,   604   ,   608   
  H. zea   ,   40   ,   276   ,   304   

   Heliothis virescens   ,   269   ,   293   ,   301   ,   303   ,   340   , 
  382   ,   392   

  Hematoma  ,   629–634   ,   639   ,   650          
  Hematophagy  ,   625   ,   639   ,   656   ,   661   ,   663   ,   664   
  Heme protein  ,   341   
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  Hemiptera  ,   347   ,   626   
  Hemipteroid assemblage  ,   605–607   
  Hemolymph proteins 

 apolipophorins  ,   607   ,   617  
 arylphorins  ,   607  
 methionine-rich storage proteins  ,   607   

  Hemozoin  ,   258   ,   292        
   n -heneicosane  ,   241   
  9-Hentriacontene  ,   238   
  Heparin  ,   642   ,   643   ,   648   ,   655   
  Hepialoidea  ,   541   
  7,11-Heptacosadiene  ,   233   
  ( Z, Z )-6,9-Heptacosadiene  ,   224   
  ( Z )-9-Heptacosene  ,   235   
  Heteroptera  ,   663   
  Hexafl uoroisopropyl alcohol  ,   545   
  Hexafl uoro-2-propanol (HFIP)  ,   474   ,   475   , 

  477   ,   478    
  Hexapoda  ,   138   ,   141   ,   344   ,   602   ,   603   ,   605–611   , 

  626   ,   627      
  Hexokinase  ,   37   
  Hexythiazox  ,   389         
  High-molecular weight kininogen  ,   643   
  Hippoboscidae  ,   629   
  Histamine  ,   641   ,   651   ,   653   ,   655   ,   665    
  Histolysis  ,   561   ,   562   ,   583    
  Histone methyltransferase  ,   10   
  HlSC-1  ,   648   
  Holometabolous insects  ,   11   
   Homalodisca vitripennis   ,   606   
   Homarus americanus   ,   142   ,   144   ,   168   
  Homologous recombination  ,   471   
  Homothorax (Hth)  ,   536   
  Hooded tick spiders  ,   626   
  Hormone receptor 3 (HR3)  ,   384   ,   386   
  Hornets  ,   516   ,   540   ,   543–546        
  Horse fl ies  ,   629   ,   633   ,   640   ,   649   ,   654   
  Horseshoe crabs  ,   626   
  Host defense responses  ,   650   
  Host dermis  ,   630   ,   632    
  HR3/IE1  ,   547   
  Human louse  ,   633   
  Hyaluronic acid  ,   631   ,   632   
  Hyaluronidase  ,   626   ,   632–634      
   Hybomitra bimaculata   ,   647   ,   649   
  Hydrogen bonds  ,   493   ,   496   ,   503    
  Hydrogen peroxide  ,   332   ,   341      
  Hydrolytic enzymes  ,   258   ,   273   ,   283   ,   304   ,   306   
  Hydrophobicity  ,   525   
   Hydropsyche angustipennis   ,   526   ,   541    
  Hydrostatic interactions  ,   267   
  Hydroxyapatite  ,   155   
   m -Hydroxybenzylhydrazine (HBHZ)  ,   177    
  20-hydroxyecdysone (20E)  ,   340   ,   381   ,   384   , 

  386   ,   395   ,   396           

  15-hydroxyicosatetraenoic acid  ,   650   
  Hymenoptera  ,   516   ,   517   ,   542   ,   544    
  Hyperemia  ,   650   
  Hypodermis  ,   630   
  Hypostome  ,   629   ,   630      
   Hypotheneumus hampei   ,   615     

 I 
  Iblidae  ,   149   
  Imaginal disc growth factors  ,   50   
  Immobilized metal ion affi nity 

chromatography  ,   473   
  Immune response  ,   412   ,   419   ,   427   ,   429   
   Inachis io   ,   202   
  Inclusion bodies  ,   471   
  Infestins  ,   663   
  Infl ammatory inhibitors 

  Ixodes ricinus  immunosuppressant  ,   655  
  Ixodes ricinus  leukotriene binding protein 

(Ir-LBP)  ,   651   ,   654  
  Ornithodoros moubata  complement 

inhibitor (OMCI)  ,   666  
 TdPI  ,   656  
 tryptogalinin  ,   656   

  Infl ammatory phase  ,   631   ,   648    
  Infl ammatory responses 

 autoimmunity  ,   648  
 basophils  ,   655  
 β-tryptase  ,   655  
 carrageenan-induced rat paw edema 

model  ,   648  
 connective tissue-activating peptide-III 

(CTAP-III)  ,   655  
 cysteinyl leukotriene  ,   641   ,   665  
 cytokine-induced neutrophil 

chemoattractant  ,   655  
 cytokines  ,   655  
 dendritic cells  ,   654   
 edema  ,   630   ,   648  
 endonuclease  ,   654   ,   664  
 eosinophil chemotactic factor  ,   655  
 eosinophils  ,   654  
 erythema  ,   650  
 histamine  ,   641   ,   655   ,   665  
 insulin-like growth factor 1  ,   636  
 interferon-ϒ  ,   655  
 interleukin-1  ,   636  
 interleukin-6  ,   655  
 interleukin-8  ,   655  
 itching  ,   630  
 leukotriene A4  ,   641  
 leukotriene B4  ,   649   ,   654  
 leukotriene C4 (LTC4)  ,   641  
 leukotriene E4 (LTE4)  ,   641  
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 macrophage infl ammatory protein 
(MIP-1α)  ,   636  

 macrophage infl ammatory protein-2 
(MIP-2)  ,   655  

 macrophages  ,   654   ,   655  
 mast cells  ,   654   ,   655  
 monocytes  ,   654   ,   655   
 neutrophil extracellular traps (NETs)  ,   654  
 neutrophils  ,   654   ,   655      
 platelet factor 4  ,   636  
 platelet-derived growth factor (PDGF)  ,   636  
 prostaglandin D2 (PGD2)  ,   655  
 RANTES  ,   636  
 swelling  ,   630  
 T-cell proliferation  ,   648   

  Infrastructural elements  ,   564    
   Inner epicuticle   ,   69      
  Innermost chorionic layer  ,   328   ,   329     
  Inorganic–organic composite  ,   140   
  Inositol polyphosphate 5 phosphatase  ,   664   
  Insect cuticle 

 apical plasma membrane protrusions  , 
  167   ,   197  

 chitin  ,   166   ,   167   ,   196   ,   204       
 elytron  ,   167   ,   183   ,   196   ,   197   ,   204        
 endocuticular layers  ,   166   ,   167  
 envelope  ,   166   ,   167  
 epicuticle  ,   166   ,   167   
 exocuticular layer  ,   166   ,   167  
 exoskeleton  ,   166   ,   168   ,   197   ,   200   ,   204      
 pore canal fi bers  ,   167   ,   168   ,   197      
 procuticle  ,   166   ,   167   ,   187   ,   197      
 sclerotization  ,   166–205  
 tanning  ,   168–197   ,   200–204         
 trabeculae  ,   183   ,   204     

  Insect growth regulators (IGRs)  ,   375   ,   395    
  Insecta  ,   344   ,   348   ,   602   ,   626   
  insulin-like growth factor 1  ,   636   
  Integripalpia  ,   540   ,   541   
  Integument  ,   370   ,   374   ,   384    
  Intermolt stage  ,   15   ,   18    
  Internal factors 

 glandular proteins  ,   494   ,   495  
 phase conversion  ,   495  
 reeling speed  ,   493   ,   494   ,   504          
 spinning dope  ,   494   ,   501  
 spinning duct  ,   494   ,   499   ,   501   ,   502        

  Intraperitrophic space  ,   286   ,   288   
  Ions  ,   501–502   
   Ips lecontei   ,   234   
  Iris  ,   651   ,   655    
  IRS2  ,   655   
  IRS-2  ,   637   ,   651   ,   666   

  Isac  ,   651   ,   653   
   Isaria fumosorosea   ,   373   
  Isoleucine (Ile)  ,   225   ,   226   ,   543   
  Isopoda  ,   611   
  Isopods  ,   626   ,   662   
  Isopropyl-β -D-1-thiogalactopyranoside  ,   471   
  Isoptera  ,   347   
  Itching  ,   630   
  Ixodegrin  ,   637   ,   642    
   Ixodes   ,   630  

  I. ricinus   ,   637   ,   644   ,   651   ,   655   ,   657   
  I. scapularis   ,   611   ,   634   ,   637   ,   644   ,   648   ,   651   , 

  652   ,   657   
  Ixodida  ,   626     

 J 
   Jalysus spinosus   ,   355   
  Japanese spider crab  ,   138   
  JH   . See  Juvenile hormone (JH)  
   Junonia orithya   ,   199   
  Jurrassic  ,   628   
  Juvenile hormone (JH)  ,   8   ,   11   ,   12   ,   198–202   , 

  340   ,   414   ,   415   ,   420   ,   422                            
  Juvenile hormone esterase  ,   539     

 K 
  Kairomones  ,   232   ,   241   
  Kallikrein  ,   643   ,   645   ,   648    
  Kazal  ,   639   ,   647   ,   649   ,   660   ,   663   
  Kininogen  ,   643   
  Kininogenase  ,   648   
  Kissing bug  ,   68   ,   70   ,   633     
  Knickkopf (Knk)  ,   74   ,   75   
  Knickkopf (KNK)  ,   56   ,   276   ,   352   
  Kosmotropic salts  ,   479   
  Kovats index  ,   223   
  Kratagonists 

 biogenic amine binding proteins  ,   641  
 D7L1  ,   654  
 D7 proteins  ,   641   ,   664   ,   665   
 D7r1  ,   646   ,   666  
 dipetalopidin  ,   650  
 nitrophorin  ,   641   ,   649   ,   653  
 nitrophorin 2  ,   665  
 tablysin-15  ,   639   ,   641   ,   666  
 TSGP2  ,   637   ,   654  
 TSGP3  ,   641   ,   654   

  Krill  ,   626   
  Krotzkopf verkehrt (Kkv)  ,   74    
  Kunitz/BPTI  ,   655   ,   663   
  Kyte and Doolittle hydropathy profi le  ,   458     
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 L 
  Labramin  ,   301   
   Lacanobia oleracea   ,   301–303     
  Laccase  ,   339   ,   343   
  Laccase2 (Lac2)  ,   80   ,   342   ,   352   ,   354    
  Lacewings  ,   542   ,   545   ,   626    
  Lacinae  ,   629   
  LacZ  ,   579   ,   582   ,   587   
  Lamella  ,   349     
  Laminae  ,   69   ,   73   
  Laminins  ,   631   
   Laodelphax striatellus   ,   390   
   Lariophagus distinguendus   ,   235   
  Larval hatching  ,   333   ,   335   
   Lasius niger   ,   239   
   Latrodectus hesperus   ,   446   
  Leafroller  ,   68   
  Lectins  ,   258   ,   284   ,   290   ,   292   ,   299–302   ,   456                          
   Leishmania  parasite  ,   295    
   Lepidocampa weberi   ,   347   
  Lepidoptera  ,   333   ,   347   ,   348   ,   445   ,   516   ,   517   , 

  522   ,   528   ,   529   ,   532   ,   533   ,   540   ,   541   , 
  602   ,   603   ,   607   ,   610   ,   626         

  Lepidopteran  ,   71   ,   72    
   Lepisma saccharina   ,   347   
   Leptestheria dahalacensis   ,   270   
   Leptinotarsa decemlineata   ,   21   ,   37   ,   38   ,   302     
   Leptothorax nylanderi   ,   237   
  L-fi broin  ,   520–523   ,   525   ,   529   ,   537   ,   539   ,   541   , 

  542   ,   546   ,   547        
  Lice  ,   626   ,   628   ,   629   ,   662   
  LIM domain-binding protein (Ldb)  ,   537   
  Limb(s)  ,   464   ,   465        
   Limnephilus decipiens   ,   541   
  Lineage specifi c expansion  ,   656   ,   661   ,   663   
   Linepithema humile   ,   237   
  Lipid  ,   68–71   ,   78   ,   82   ,   331                       
  Lipocalins  ,   640   ,   641   ,   653   ,   654   ,   661–664   ,   666        
  Lipophorin  ,   224   
  15-lipoxygenase pathway  ,   650   
  Lithium bromide (LiBr)  ,   474   ,   477   ,   545   

 locomotion  ,   474   
  Lobsters  ,   626   
   Locusta migratoria   ,   37   ,   38   ,   54   ,   82   ,   182   ,   199   , 

  268   ,   351   ,   607     
  Longhorned beetles  ,   233   ,   234   ,   236    
  Louse fl ies  ,   629    
   Lucilia cuprina   ,   261   ,   262   ,   264   ,   269   ,   272   ,   278   , 

  284   ,   335   ,   376   ,   393   
  Lumen  ,   464   ,   558   ,   559   ,   561   ,   563   ,   565–567   , 

  573   ,   577–581   ,   583   ,   585   ,   586                      
   Lutzomyia  

  L. longipalpis   ,   633   ,   660  
  L. migonei   ,   653   

   Lygus  
  L. hesperus   ,   604   ,   606   ,   613   
  L. lineloaris   ,   331   

   Lymantria dispar   ,   297   
  Lymantriidae  ,   241     

 M 
  Macrophage infl ammatory protein-2  ,   655   
  Macrophages  ,   631   ,   641   ,   652   ,   654   ,   655     
   Maculinea rebeli   ,   239    
   Magicicada   ,   67   ,   68   
  Major ampullate silk proteins 

 MaSp1  ,   498–503          
 MaSp2  ,   498–500          

  Major ampullate spidroin (MaSp) 
 major ampullate spidroin 1 (MaSp1)  ,   451   , 

  452   ,   454–456   ,   458–460   ,   465   , 
  468–471   ,   474   ,   480                                                  

 major ampullate spidroin 2 (MaSp2)  ,   451   , 
  452   ,   454–456   ,   458–460   ,   468   ,   469                        

  Major ampullate spidroin 1 (MaSp1)  ,   471   ,   473         
  Major royal jelly proteins (MRJPs)  ,   190   ,   193            
  Malacostraca  ,   149   ,   626   
  Malaria parasite  ,   294   ,   295   
  MALDI-TOF/TOF  ,   581   
  Male accessory glands 

 main cells  ,   417   ,   419   ,   420   ,   422          
 secondary cells  ,   417   ,   419   ,   422                   

  Malphigian layer  ,   630   
   Mamestra  

  M. brassicae   ,   391  
  M. confi gurata   ,   45   ,   46   ,   266   ,   269   ,   279   ,   288   , 

  297   ,   298   
  Mammals  ,   626   ,   628   ,   635    
  Mandibles  ,   142   ,   143   ,   149   ,   151   ,   156   ,   629      
  Mandibulata  ,   344    
   Manduca quinquemaculata   ,   199   
   Manduca sexta   ,   6–8   ,   12   ,   17   ,   18   ,   21   ,   72   ,   171   , 

  176   ,   186–188   ,   199   ,   201   ,   202   ,   260   , 
  269   ,   271   ,   272   ,   298   ,   301   ,   327   ,   334   , 
  348   ,   354   ,   382   ,   384   ,   386   ,   395   ,   615              

  Mantis shrimp  ,   149   ,   151   
  Mantises  ,   542   ,   545   
  Mantodea  ,   542   
  MARCOIL  ,   544   
  MaSp   . See  Major ampullate spidroin (MaSp)  
  Mass extinction  ,   656   
  Mass spectrometry  ,   70   
  Massively parallel signature sequencing 

(MPSS)  ,   456     
  Mast cells  ,   641   ,   643   ,   654–656       
  Mate recognition signals  ,   232   
  Mating plug  ,   417   ,   419   ,   422   ,   423   ,   425         
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  Mats  ,   478     
  Maxadilan  ,   647   ,   649   
  Maxillae  ,   629   
  Maximal draw ratio  ,   546   
  Maximal tensile strength  ,   546   
   Mayetiola destructor   ,   603   ,   612   
  Mechanical properties  ,   446   ,   447   ,   457   ,   460   , 

  466   ,   473   ,   474   ,   476–478   ,   480   , 
  489–505              

  Meconium  ,   293   
  Mecoptera  ,   609   
   Megacyllene  

  M. caryae   ,   233   ,   234   
  M. robinae   ,   233   

  Melanisation 
  N -acetyldopamine (NADA)  ,   394     
  N -β-alanyldopamine (NBAD)  ,   394   ,   395     

  Melanization  ,   340–343   ,   348   ,   351   ,   352          
  Melanization and reddish coloration hormone 

(MRCH)  ,   202     
   Melanoplus differentialis   ,   351   
  Melatonin  ,   181   ,   182     
   Melipona quadrifasciata anthidioides   ,   610   
   Mesobuthus tamulus   ,   302   
  Mesostigmata  ,   626   ,   628   
   Messor barbarus   ,   237   
  Metallo dipeptidyl carboxypeptidase  ,   648   ,   652   
  Metalloprotease  ,   626   ,   631–633   ,   645   ,   648   ,   657   , 

  658   ,   663     
   Metarhizium anisopliae   ,   373   ,   393   
  Methanol  ,   476   
  Methionine  ,   226   
  Methoxymercuration-demercuration  ,   224   
  2-Methylalkanes  ,   223–225   ,   227        
  Methyl-branched alkanes  ,   222   ,   233    
  7-Methylheptacosane  ,   233   
  ( S )-11-Methylheptacosane  ,   235    
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