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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 

R. Farkaš



563

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)       

 

R. Farkaš



565

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)       
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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 

15 The Complex Secretions of the Salivary Glands of Drosophila melanogaster…



584

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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