
Joachim Wink  
Fatemeh Mohammadipanah
Javad Hamedi    Editors 

Biology and 
Biotechnology of 
Actinobacteria



Biology and Biotechnology 
of Actinobacteria



Joachim Wink 
Fatemeh Mohammadipanah 
Javad Hamedi
Editors

Biology and 
Biotechnology of 
Actinobacteria



Editors
Joachim Wink
Microbial Strain Collection;  

Helmholtz- Centre for Infection Research
Braunschweig
Germany

Javad Hamedi
College of Science
University of Tehran 
Tehran
Iran

Fatemeh Mohammadipanah
College of Science
University of Tehran
Tehran
Iran

ISBN 978-3-319-60338-4    ISBN 978-3-319-60339-1 (eBook)
DOI 10.1007/978-3-319-60339-1

Library of Congress Control Number: 2017955832

© Springer International Publishing AG 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims 
in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



v

Preface

Actinobacteria are Gram positive organisms characterized by normally having a 
high mol% G+C ratio, filamentous or non-filamentous morphologies, and some 
members that produce spores through a differentiated developmental life cycle. The 
Class Actinobacteria comprises 6 classes, 6 orders, 14 suborders, and 56 families. 
The number of introduced genera of this taxon and their physiological diversity 
proposes that taxonomical identification of this group will be a dynamic process in 
future. Actinobacteria are autochthonous inhabitants of soil and marine and often 
among the dominant population of their ecosystems and may occur in extreme 
environments.

Members of the class Actinobacteria and the development of mankind are insepa-
rably connected. The knowledge of this bacterial group goes back to the year 1839 
when Corda identified Actinomyces bovis as the organism being responsible for bone 
swellings in bovine and to the year 1882 when Robert Koch identified Mycobacterium 
tuberculosis as the pathogen being responsible for tuberculosis. Since the 1940s, the 
history of antibiotic discovery and development is inseparably connected to 
Actinobacteria and especially to members of the genus Streptomyces. Streptomycin 
was the first antibiotic on market produced by an Actinobacterium and was devel-
oped in Waksman’s laboratories. Today, we know that Actinobacteria exhibit large 
genomes (often more than 8 MB), which is one of the reasons for their potency to 
produce so many different bioactive metabolites. Actinobacteria of diverse genera 
like Streptomyces, Saccharopolyspora, Amycolatopsis, Micromonospora, and 
Actinoplanes are the producers of clinically used antibiotics and many other com-
pounds that are used in pharmacy, agriculture, veterinary, animal husbandry, indus-
try, and many other biotechnological fields.

Many of Actinobacteria are soil bacteria, but also pathogenic or saprophytic 
organisms belong to this group. Many of them show a characteristic differentiation 
by forming conidia that are usually regarded as spores. The conidia are arranged in 
spore chains, sporangia, or are found as single spores on sporophores. This high 
variation in their morphological form made taxonomy very difficult from the early 
beginning on. The cell differentiation we find in Actinobacteria is unique in micro-
biology and has been considered as model organisms to study the differentiation in 
Prokaryotes.

Actinobacteria are the most promising source of small bioactive molecules, and 
it is estimated that only 10% of actinobacterial bioactive chemicals have been 
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discovered to date. In this regard, the number and diversity of biosynthetic gene 
clusters in their genome justify their bioprospecting for new biological discovery. 
Actinobacterial sources estimate for about 45% of all microbial bioactive metabo-
lites with 7,600 of these compounds (80%) being produced by the Streptomyces 
species. With more than 600 validly described species, Streptomyces is the largest 
genus in the bacterial world. Many of them have been isolated all over the world 
during industrial screening programs for many different purposes. However, rare 
Actinobacteria are also ubiquitous. Predominant and rare Actinobacteria surround-
ing us present in various ecosystems as free living, symbionts, or pathogens. They 
live in various sol, freshwater, seas and oceans, on surfaces of plants and animals, 
and into their cells or their cavities. Some actinobacteria can live in extreme envi-
ronments, such as hot deserts, polar sites, acidic or alkaline soil and water or deep 
sea, and many other unusual habitats.

Despite the large number of studies on physiology, genetics, ecology, and appli-
cations of Actinobacteria, no up-to-date and comprehensive reference book cover-
ing all the mentioned aspects has been published until now. This book will see the 
emergence of insights about growth life cycle, cellular components, taxonomy, 
genetics, physiology, metabolism, and biotechnological applications to the name of 
fascinating aspects of Actinobacterial biology. We hope this book will contribute to 
a true understanding of all biological aspects of Actinobacteria.

Braunschweig, Germany Joachim Wink
Tehran, Iran Fatemeh Mohammadipanah
Tehran, Iran Javad Hamedi
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1Introduction

Javad Hamedi and Joachim Wink

Actinobacteria, as one of the largest bacterial phyla, is a dominant group of micro-
organisms being widely distributed in various terrestrial and aquatic ecosystems. 
These Gram-positive, high G+C content bacteria have received much attention in 
terms of studying its biology, majorly as they have been found to be tremendously 
potent in producing medically and industrially relevant secondary metabolites. This 
extensive secondary metabolism has led to the discovery of more than 120 antibiot-
ics, different enzymes, enzyme inhibitors, and many other useful products from 
actinobacterial sources, discussion on which is one of the main focuses of the cur-
rent book.

Apart from being designated as a controversial kind of microorganism when first 
discovered, namely, prokaryotic equivalent of fungi, the primary motivator for 
increasing the interest for biological basic studies on actinobacteria was the discov-
ery and observation of their vast biotechnologically related potentials. That is to say, 
although being popularly accepted as a basic science, microbiology generally 
implements a bottom-up approach in studying microorganisms (including actino-
bacteria), and this seems to be an inherent property of the field. This is while other 
well-developed basic sciences such as botany or zoology have been basically formed 
on the basis of a top-down approach in which the objects being studied are consid-
ered, regardless to their importance in terms of application and consequently their 
potentials will be revealed after gaining an evenly developed knowledge.

The mentioned approach of microbiology consequently has resulted in an unbal-
anced and uneven development of basic biological knowledge for microorganisms, 

mailto:jhamedi@ut.ac.ir


2

having more basic information on those showing more application potencies. This 
pattern is also true in case of actinobacteria.

Accordingly, the understanding of the actinobacterial biology has been based on 
merely a few model organisms which are either medically important pathogens 
such as Mycobacteria or biotechnologically relevant producers including mainly 
Streptomyces. This is while there are many other actinobacterial groups with insig-
nificant basic biological knowledge of which Coriobacteriaceae, Catenulisporales, 
the class Thermoleophilia, as well as many other taxa within this group can be 
named. However, it is also important to note that the yet-existing limitations in turn-
ing uncultured actinobacteria to cultivable ones are another shortcoming in under-
standing these bacteria which must be take into account. Yet the first steps to better 
and fully understand these bacteria to uncover their further potentials owe to 
addressing the problem of unevenly distributed basic biology of actinobacterial 
members.

Even though the taxonomic characterization has a very long tradition starting 
with its morphological features, today there are many open questions which also 
cannot be easily solved by sequence analysis of the organisms. Currently, many 
groups have their focus on the molecular characterization and the expressed features 
are often neglected. As the taxonomic description of novel actinobacteria can only 
be done by the use of a polyphasic approach, one aim of the book is to give an over-
view on the methods which can be used in the laboratory, even the more classic 
ones.

The search for novel antibiotics came into focus again in the last years because 
of the resistance development of many bacteria especially the nosocomial ones and 
the upcoming role of the so-called neglected diseases. The role of actinobacteria in 
this search for the future is still open, but the editors think that this class of bacteria 
is still one of the most promising groups even in the future. Therefore, we need 
more understanding of the biological role, the environment, and the bacterial com-
munities for the isolation and identification of potential metabolite producers in the 
nature. Also the presentation of a straightforward identification procedure of inter-
esting isolates is very important.

In this regard, the chapters of the present book are intended to provide a compre-
hensive view on the currently available issues relating to the biology and biotech-
nology of actinobacteria to hopefully depict and introduce the correct path for the 
development of a significant balanced understanding of the biology of this bacterial 
group.

Topics reviewed include all aspects of actinobacteria biology from their cellular 
properties, physiology, taxonomy, and genetics to their ecology and symbiosis. 
Despite these, their most important biotechnological traits are reviewed in the clos-
ing chapters to better elucidate the targeted trajectory which must be acquired to 
comprehensively cover the knowledge on actinobacteria as one of the most impor-
tant bacterial phyla in medicine, industry, environment, and energy disciplines. As 
the final chapter of this book, the role of rapidly progressing omics data analysis and 
computational tools in the study of actinobacteria is also reviewed at a glance to not 
only stay synchronized with the novel paradigms of the post-genomic era of biology 

J. Hamedi and J. Wink
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but also to introduce these tools as efficient implementations to address the men-
tioned problem of unbalanced knowledge of actinobacteria in a time- and cost- 
effective manner.

Hopefully, the book will be of particular value to basic microbiologists and bio-
technologists to unravel the great world of actinobacteria as well as bioinformati-
cians and molecular biologist who are trying to exploit biological data to find and 
address the existing biological problems with the aid of, namely, post-genomics 
approaches.

1 Introduction
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2The Cellular Structure of Actinobacteria

Javad Hamedi and Naghmeh Poorinmohammad

2.1  Diversity of Cell Morphology in Actinobacteria

Encompassing more than 200 genera, actinobacterial members display remarkable 
variation in terms of cell morphology ranging from cocci in Micrococcus (Fig. 2.1a), 
rods in Mycobacterium (Fig. 2.1b), branched hyphae bearing spores such as 
Micromonospora (Fig. 2.1c), and mycelia that fragment into coccid and rod-shaped 
cells in Nocardia (Fig. 2.1d) to those actinobacteria which are produced from 
branched aerial hyphae of 0.5–2 μm in diameter like Streptomyces (Fig. 2.1e) 
(Qinyuan Li et al. 2016). It should be noted that in most cases, the actinobacterial 
life cycle presents different morphologies such as in Arthrobacter sp. which is 
depicted in Fig. 2.2.

Furthermore, depending on the culture condition, the cell morphology can differ. 
Accordingly, Acidothermaceae grows as slender filaments when the carbon source 
is glucose or cellobiose, and it grows as short rods when the carbon source is cel-
lulose or xylan (Rosenberg et al. 2014).

Actinobacteria are currently classified and characterized using a polyphasic 
approach in which the microscopic morphological characteristics are of important 
indices. However, morphological profile cannot be often “exclusively” attributed to 
a specific actinobacterial taxon due to the high variation (Girard et al. 2013). For 
instance, members of the family Actinomycetaceae generally show properties such 
as Gram-stain-positive, straight or slightly curved rods some of which tend to form 

mailto:jhamedi@ut.ac.ir
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branched filaments in which fragmentation occurs and rod-shaped or coccoid forms 
appear. However, the genus Mobiluncus (Fig. 2.3a) within this family exclusively 
exhibits curved, non-branching rods with which stains Gram-variable to Gram- 
negative although they possess a multilayered Gram-positive cell wall without an 
outer membrane (Hoyles and McCartney 2012). Some others form pleomorphic 
rods that occur singly or in many-celled chains or clumps; thus, they are not fila-
mentous or spore forming such as the family Bifidobacteriaceae (Fig. 2.3b) 
(Rosenberg et al. 2014).

Table 2.1 summarizes the distribution of overall cell shape observed in the most- 
studied actinobacterial families.

2.1.1  Mycelium

Mycelial actinobacteria, e.g., members of Streptomyces genus, have a complex life 
cycle, which is considered in Chap. 3 in detail. Generally, there are two types of myce-
lia being developed by actinomycetes: substrate and aerial mycelia. Substrate or veg-
etative mycelium developed from the outgrowth of a germinating spore which grows 
on the surface of the culture medium to absorb nutrients. Some of these structures can 
produce pigments responsible for the colors of the substrate and aerial mycelia which 

a

c d e

b

Fig. 2.1 Scanning electron microscope (SEM) images of (a) cocci of Micrococcus luteus (from 
Centers for Disease Control and Prevention (CDC), Public Health Image Library (PHIL), 
ID#:9761), (b) rods of Mycobacterium tuberculosis (from CDC, PHIL, ID#:9997), (c) branched 
hyphae of Micromonospora schwarzwaldensis (Gurovic et al. 2013), (d) fragmenting mycelia of 
Nocardia asteroides (Ribeiro et al. 2008), and (e) branched aerial hyphae of Streptomyces mangro-
visoli (Ser et al. 2015)

J. Hamedi and N. Poorinmohammad
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also can be used for the identification of actinobacteria. Aerial hyphae, as the name 
denotes, grow into the air when the vegetative mycelium develops to a certain stage 
and will develop a reproductive hyphae producing spores. The aerial hyphae are 
enclosed in a fine sheath which does not exist in substrate mycelia (Ensign 1978).

a b

c d

Fig. 2.2 Different morphological traits of Arthrobacter globiformis (a) after 6 h (rod to cocci), 
(b) after 12 h, (c) after 24 h, and (d) after 3 days (cocci). Bars = 10 μm (from Jones and Keddie 2006)

a b

Fig. 2.3 Specific morphology of some actinobacteria (a) curve rods of Mobiluncus curtisii subsp. 
curtisii BV345-16 (here the flagella is also shown) (from Spiegel and Roberts 1984) and (b) differ-
ent micrographs of pleomorphic bifidobacteria isolates (from Awasti et al. 2016)

2 The Cellular Structure of Actinobacteria
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Table 2.1 The distribution of cell morphology among actinobacterial families (Data are collected 
from the books “Bergey’s Manual of Systematic Bacteriology” and “The Prokaryotes” as well as 
the web site of “List of prokaryotic names with standing in nomenclature (LSPN)” through www.
bacterio.net, accessed August 2016)

Actinobacterial members Cell shape

Family
Number of genera 
within the family Rod Cocci Rod- cocci Filamentous

Acidimicrobiaceae 5 * * *

Acidothermaceae 1 * *

Actinomycetaceae 8 * * * *

Actinospicaceae 1 *

Beutenbergiaceae 4 * *

Bifidobacteriaceae 7 *

Bogoriellaceae 3 *

Brevibacteriaceae 1 * *

Catenulisporaceae 1 * * *

Cellulomonadaceae 6 * * *

Conexibacteraceae 1 *

Coriobacteriaceae 14 * *

Corynebacteriaceae 4 *

Cryptosporangiaceae 2 *

Demequinaceae 2 *

Dermabacteraceae 4 *

Dermacoccaceae 11 *

Dermatophilaceae 5 * *

Dietziaceae 1 * * *

Euzebyaceae 1 *

Frankiaceae 2 *

Gaiellaceae 1 *

Geodermatophilaceae 3 *

Glycomycetaceae 3 *

Iamiaceae 2 * * *

Intrasporangiaceae 23 * * *

Jiangellaceae 2 *

Jonesiaceae 1 *

Kineosporiaceae 5 * * *

Microbacteriaceae 42 * * *

Micrococcaceae 15 * *

Micromonosporaceae 32 *

Mycobacteriaceae 2 *

Nakamurellaceae 3 * *

Nitriliruptoraceae 1 *

Nocardiaceae 8 * * * *

Nocardioidaceae 9 * * *

J. Hamedi and N. Poorinmohammad
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Actinobacteria form a substrate mycelium in both submerged and solid-grown 
cultures, while aerial hyphae are differentiated specifically on solid surfaces. 
There are also exceptions in terms of mycelium formation. For instance, 
Sporichthya sp. produces short chains of aerial mycelium dividing into motile 
spores on an agar medium held by the holdfast, but no substrate mycelium forma-
tion is observed. The family Micromonosporaceae is also identified to develop 
extensive substrate mycelium while producing rudimentary aerial hyphae, or in 
some cases, no aerial mycelium is developed. Other actinobacterial taxa with 
absent aerial mycelium include some Mycobacteria, Kineosporia, and Rhodococci 
as well as the genus Intrasporangium and Tsukamurella spumae (O’Leary 1989; 
Rosenberg et al. 2014).

It is important to note that the morphological differentiation of actinobacteria, espe-
cially those with more extensive morphological differentiation such as Streptomyces, is 
tightly regulated and controlled by a truly organized mechanism through relevant 
genes. For more details regarding the regulation and morphogenetics, see Chap. 3.

2.1.2  Resistant Form of the Cells

Bacterial cells possess various differentiation states by which they form resistant 
non-vegetative cells as survival strategies under environmental challenges and 
unfavorable conditions. Accordingly, different resistant forms of bacterial cells are 

Table 2.1 (continued)

Actinobacterial members Cell shape

Family
Number of genera 
within the family Rod Cocci Rod- cocci Filamentous

Nocardiopsaceae 8 *

Patulibacteraceae 1 *

Promicromonosporaceae 7 * * * *

Propionibacteriaceae 17 * *

Pseudonocardiaceae 31 *

Rarobacteraceae 1 *

Ruaniaceae 2 * *

Rubrobacteraceae 1 * *

Sanguibacteraceae 1 *

Segniliparaceae 1 *

Solirubrobacteraceae 1 *

Sporichthyaceae 1 *

Streptomycetaceae 10 *

Streptosporangiaceae 13 *

Thermoleophilaceae 1 *

Thermomonosporaceae 6 *

Tsukamurellaceae 1 * *

2 The Cellular Structure of Actinobacteria
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observed such as endospores mainly in Bacilli and Clostridia, exospores which are 
as durable as endospores but form outside by growing or budding out from one end 
of the cell, cysts of Azotobacter, resting forms in the non-spore-forming Arthrobacter, 
and conidia in actinobacteria. Endospores are extremely resistant to heat (>100°C), 
many chemicals (i.e., acids, bases, alcohol, chloroform), desiccation, and radiation 
due to the spore’s inherent properties such as high concentration of specific DNA- 
protecting proteins as well as the dehydration of the cytoplasm and impermeability 
of the endospore coat. Azotobacter species, the diazotroph Gram-negative 
Proteobacteria famous for their biopolymer production in biotechnology, form cysts 
which, unlike endospores, can only resist desiccation and some chemicals but not 
the high temperature. The genus Arthrobacter forms cyst-like resting cells with 
extremely lowered metabolism under unfavorable environments such as in response 
to conditions of severe carbon and energy deficiency.

The actinobacterial “conidia,” which are commonly called spores, are part of the 
reproductive process, although they are also capable of surviving for long periods of 
time. Thus, conidia are involved in both replication and survival, while cysts and spores 
are merely for survival strategies. Here, we use the more commonly used phrase of 
“spores” instead of the correct term “conidia” for actinobacterial-resistant form of cell.

Classic actinomycetes form well-developed substrate mycelia and develop 
branched aerial hyphae on the vegetative mycelia and can produce spores directly or 
in the form of sack-like ultrastructures.

The ability of forming such complicated structures (spores, sporangia, and spo-
rangiospore) as well as the pattern of substrate mycelium fracture, the number of 
spores and their position, the shape of sporangia, and whether the sporangiospore 
has flagella or not are used in the classification of some actinobacteria.

These spores can be organized as single in Saccharomonospora (Fig. 2.4a), 
bispores in Microbispora (Fig. 2.4b), or spiral chains of multiple spores such as in 
Streptomyces (Fig. 2.4c). However, in some genera such as Nocardia, Mycobacterium, 
and Rhodococcus, the developed mycelia fragment into coccoid or rod-shaped 
elements.

In general, actinobacterial spores are formed by hyphal origin which is further 
classified into three subtypes, namely, arthrospores (subdivision of sheathed hypha) 
as in Streptomyces, Actinopolyspora, Nocardia, etc.; aleuriospore (subdivision of 
sheathless hypha) in Micromonospora, Saccharopolyspora, etc.; and fragmentation 
spores of Rhodococcus, Nocardiopsis, etc. as mentioned before. Some other actino-
bacteria especially Frankia species have special vesicles called sporangia contain-
ing whether aplanospores (non-motile) or planospores (motile). Planospores or 
motile spores can possess a single flagellum per spore (monotrichous) or appear 
with multiple flagella with different arrangements around the cell. Planospores can 
be seen in Sporichthya, Ampullariella, Spirillospora, and Catenuloplanes. These 
motile spores possess a kind of smooth surface, while aplanospores can have 

J. Hamedi and N. Poorinmohammad
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different surface characteristics whether smooth or rough with warty, hairy, spiny, 
or rugose ornamentations. Aplanospores are also produced by Micromonospora, 
Streptomyces, Actinomadura, and Microtetraspora (Locci 2006).

It must be noted that in some individual genus or even species, two kinds of 
spores can be formed such as in Nocardia which is able to produce both fragmenta-
tion spores and arthrospores. On the other hand, spores do not form exclusively on 
aerial hyphae, and the formation of spores may also originate from the vegetative 
mycelium that has been observed in Actinobifida and some members of Streptomyces 
(Kalakoutskii and Agre 1976).

Spores produced in the form of chains are 2 to more than 50 spores long 
depending on the genus and are thicker than the mycelium when they are arranged 
in short chains, while long spore chains are equal with the hyphae in diameter (Li 
et al. 2016). Long spore chains (up to 100 spores) have been observed in 
Streptomyces, Nocardioides, Streptoverticillium, and Kitasatospora, and the 
genera Actinomadura, Sporicthya, Catellatospora, Saccharopolyspora, and 
some Nocardia produce short chains of spores (Mayilraj et al. 2006; Taddei et al. 
2006; Rosenberg et al. 2014). Long spore chains of Streptomyces differ in terms 
of spatial organization and are classified as rectiflexibile type (Fig. 2.5a), reti-
naculiaperti type (Fig. 2.5b), spira type (Fig. 2.5c), and verticillati type (Fig. 2.5d) 
(Qinyuan Li et al. 2016).

Generally, the shape of actinobacterial spores is often spherical, although other 
shapes may be observed such as cuboid in Chainia, oval in Actinomadura, or clavi-
form spores of Dactylosporangium. Moreover, mature spores usually show a variety 
of colors such as white, pink, gray, blue, and so on.

Sporangia, the bag-like structures for the development and release of spores, also 
vary vastly on the basis of shape and size. They are formed whether on substrate or 
aerial mycelium and can be globose (Fig. 2.6a) (Spirillospora, Streptosporangium), 
cylindrical (Fig. 2.6b) (Planomonospora, Planobispora), claviform (Fig. 2.6c) 
(Dactylosporangium), and in other shapes while they are 2–50 μm with most of 
them being 10 μm in size (O’Leary 1989).

a b c

Fig. 2.4 Different spore organization in actinobacteria. (a) Saccharomonospora glauca (Greiner- 
Mai et al. 1988), (b) Microbispora corallina (Nakajima et al. 1999), and (c) Streptomyces sp. MN 
2 (Kumar et al. 2014)

2 The Cellular Structure of Actinobacteria
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Just like spores, sporangia have different types based on the number of 
spores. Sporangia with few spores may be called oligosporous sporangia while 
polysporous ones contain numerous spores as the name denotes. Most of the 
actinobacterial members forming sporangium produce planospores although 
exceptions exist as for Stretosporangium and Kutzneria.

a b

c d

Fig. 2.5 Morphology of the long spore chains of Streptomyces species. (a) Streptomyces plumbi-
resistens (Guo et al. 2009), (b) Streptomyces vinaceus (Ludwig et al. 2012), (c) Streptomyces 
hygroscopicus (Ludwig et al. 2012), and (d) Streptomyces verticillus (Produced by Harada and 
Hamada)

a b c

Fig. 2.6 Sporangia morphology in some actinobacteria. (a) Spirillospora albida (Produced by 
Vobis), (b) Planomonospora parontospora (Produced by Hayakawa, Iino, and Nonomura), and (c) 
Dactylosporangium fulvum (Produced by Shomura)

J. Hamedi and N. Poorinmohammad
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Finally, there are other less-studied types of reproductive structures reported 
in actinobacteria such as columnar hyphal structures called synnemata 
(Fig. 2.7a) which bear chains of conidia in Actinosynnema (Land et al. 2009) 
and sclerotia (Fig. 2.7b) in some Streptomyces and Chainia (Subramanian 
2016).

Generally, actinobacterial developmental life cycle is uniquely complex, espe-
cially in case of actinomycetes which form spores and mycelium. Their life cycle 
involves coordinated multicellular development with both physiological and mor-
phological differentiation of several cell types as discussed. The life cycle of actino-
bacteria is specially studied for Streptomyces. This genus has been the subject of 
intense genetic and molecular biology research, while there are little or no informa-
tion regarding the developmental process of many other actinobacterial members 
which is an issue to be addressed.

Typically, when a Streptomyces spore encounters appropriate conditions in 
terms of environmental and nutritional factors, it germinates and grows to form 
the hyphae which then grow by tip extension and further branches into the 
 vegetative mycelium. When conditions become unfavorable, both production 
of secondary metabolites and morphological differentiation are initiated. In 
this condition, aerial hyphae break the surface tension and grow into the air 
and subsequently switch from extension to septation. The aerial hyphae become 
divided by a developmentally controlled form of cell division into long 
chains of prespore compartments, which then develop the mature spore 
(Fig. 2.8). It is important to note that the importance of studying the mentioned 
features especially in the identification of these bacteria is directedly discussed 
in Chap. 11.

a b

Fig. 2.7 Sporangia-like structures. (a) Synnemata in Actinosynnema (Hasegawa et al. 1978), 
(b) sclerotia (arrows) in Chainia barodensis (Ganju and Iyengar 1974)
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2.2  Cell Envelope

Bacterial cell envelope is acceptably defined as the membrane(s) and other struc-
tures that surround and protect the cytoplasm of the bacteria. This multilayered 
structure is quite complex and serves as an important element in the living and sur-
vival of the organism with sophisticated mechanisms (Silhavy et al. 2010).

Apart from determining cell shape and permeability, bacterial cell envelope 
serves as the interface for interacting with other bacteria, environment, and the host 
if it is pathogen. Thus, the study of this compartment is of great importance espe-
cially in medicine and biotechnologically relevant processes (Braun et al. 2015). 
Moreover, chemotaxonomy which is shown to be an effective strategy for the clas-
sification of actinobacteria is concerned with the distribution of specific chemicals 
of the actinobacteria cell envelope such as amino acid, sugar, polar lipids, menaqui-
nones, and mycolic and fatty acids (Diagne et al. 2013).

The study of actinobacterial cell envelope is generally limited to the most impor-
tant pathogenic members such as the distinctive family of Corynebacteriaceae 
including mainly Mycobacterium, Rhodococcus, and Nocardia as well as the bio-
technological workhorses within the family like Corynebacterium glutamicum. 
Therefore, in this chapter, these organisms are mostly considered to as model organ-
isms for the study of cell envelope (Fig. 2.11).

Free Spore

18 hours

Substrate mycelium

Aerial mycelium

Spore development

30 hours

2 days

Fig. 2.8 Streptomyces coelicolor life cycle (From Angert 2005)
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2.2.1  Plasma Membrane

The plasma membrane of the mentioned bacteria does not differ widely from other 
bacteria. In the case of this plasma membrane, an unusual lipid named diacyl phos-
phatidylinositol dimannoside (Fig. 2.8) is reported to be the dominant component of 
the inner leaflet in Mycobacteria which is proved to cause the general drug resis-
tance in this genus due to its effect on the membrane fluidity which slows the influx 
of the drugs (Bansal-Mutalik and Nikaido 2014). In addition to the conventional 
plasma membrane which does not differ with other bacteria (comprising mainly 
phosphatidylglycerol), Corynebacteriaceae possess an outer layer of lipids sur-
rounding the cell wall, which is different from the inner membrane, as in Gram- 
negative bacteria. This means that this unusual property among Gram-positive 
bacteria gives Corynebacteriaceae an extra outer permeability barrier. This outer 
membrane is an asymmetrical bilayer which is about two times thicker than the 
plasma membrane in Corynebacteriaceae (Brennan and Nikaido 1995), although 
Corynebacteria lack the periplasmic-like space which is present in Mycobacteria. 
The aforementioned thickness is reported to be due to phosphatidylinositol man-
nosides (PIMs) (Fig. 2.9) of the outer leaflet which are restricted to the members of 
actinomycetes (Brennan and Nikaido 1995).
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Fig. 2.9 Different types of PIMs. AcPIM2 monoacyl phosphatidylinositol dimannosides, Ac2PIM2 
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The inner layer of the asymmetrical outer membrane majorly consists of mycolic 
acid (2-alkyl branched, 3-hydroxy long-chain fatty acids) which is covalently attached 
to arabinogalactan units in the cell wall. The length of carbon chain in mycolic acid is 
shorter in Corynebacteria than that in Mycobacteria, being C22 to C36 and C60 to C90, 
respectively (Schluesener et al. 2005). Rhodoccocal mycolic acids are of intermediate 
length typically with 28–54 carbons in total (Sutcliffe et al. 2010). The outer leaflet is 
composed of different anchored glycolipids, glycopeptidolipids, sulfolipids, and phos-
pholipids. The mycobacterial phospholipids are mostly the derivatives of phosphatidic 
acid such as phosphatidylglycerol, phosphatidylethanolamine, cardiolipins, phosphati-
dylinositol, and PIMs (Brennan and Nikaido 1995). There are also some lipids found 
in small amounts showing no structural roles in the plasma membrane, but they rather 
seem to have functional effects as sugar donors, among which the two well-studied 
examples are polyprenol phosphomannose (PPM) and decaprenol phosphoarabinose 
(DPA). They are donors for mannose and arabinose, respectively (Crellin et al. 2013).

The polysaccharides of the outer membrane are primarily composed of a high- 
molecular- mass glucan and arabinomannans (Puech et al. 2001).

Since the outer membrane exerts a permeability barrier in this family, substance 
exchange, especially for water-soluble molecules, along the cell envelope is per-
formed via many specific and nonspecific proteins located in the outer membrane. 
In M. tuberculosis, more than 140 of these proteins are predicted through genome 
mining, while many of them are still not fully characterized (Song et al. 2008). For 
instance, the nonspecific protein named MspA is the main porin responsible for the 
transport of glucose, metal ions, phosphate, and amino acids in Mycobacteria which 
possess an octameric 16-stranded β-barrel structure (Niederweis et al. 1999). The 
anion channel PorB of Corynebacterium glutamicum and the cation channel 
Rv1968 in Rhodococcus jostii are other examples of such porins (Sutcliffe et al. 
2010). The elucidation of the structure of such porins in pathogenic actinobacteria 
will help in finding inhibitors as a drug target to fight against the bacterium; how-
ever, only few of them are characterized in terms of 3D structure. Additionally, 
there are other types of proteins in the outer membrane which are responsible for the 
transport of low-abundance solutes for which the porin pathway is not efficient 
(Niederweis et al. 2010). Interestingly, since Mycobacteria can use lipids as carbon 
source for growth, there are also protein channels found in the outer membrane such 
as Mce4 which enables cholesterol to enter the cell (Pandey and Sassetti 2008).

Other membrane-associated components are a few types of polyterpenes shown 
to be associated with the protection against photolytic damage. Mycobacterial 
carotenoid is one of these products which causes the yellowish orange color in M. 
kansasii (Brennan and Nikaido 1995). There are also respiratory isoprenoid qui-
nones in the cytoplasmic and mitochondrial membrane found to date merely in acti-
nobacteria. The number of isoprene units and hydrogenated double bonds in 
different actinobacteria is of considerable value in the chemotaxonomy of these 
bacteria (Rousseaux et al. 2001).

As another membrane component, hopanoids, the structurally and biosyntheti-
cally similar components to sterols of eukaryotes, can be reviewed for their exis-
tence and role in some actinobacteria. Hopanoids are structurally diverse; however, 
some of the most common structures are illustrated in Fig. 2.10.
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In general, hopanoids or bacteriohopanepolyols (BHPs) are a class of pentacyclic 
triterpenoids which are generally localized in the cytoplasm, outer membrane, and 
also in association with other specialized bacterial membranes such as the thylakoid 
membranes in cyanobacteria and in the vesicle envelope of the root nodule symbionts 
Frankia sp. (Welander et al. 2009; Sáenz et al. 2015). Eukaryotic sterols such as cho-
lesterol are responsible for modulating the membrane order, and hopanoids are shown 
to perform the same role in bacteria except that the condensing and ordering effect of 
these components is elucidated to be weaker than that of cholesterol (Poger and Mark 
2013), although it significantly contributed in the membrane functionality.

As hopanoid-containing actinobacteria are Frankia sp. and the nitrogen-fixing acti-
nomycetes, these triterpenoids are produced in extremely high levels in these bacteria. 
Hopanoids are the most abundant lipids in the nitrogen-fixing vesicles of this genus 
(diazovesicles which will be discussed later in this chapter) and are believed to be 
efficient in protecting the nitrogenase against oxygen by acting as a major physical 
barrier as they represent up to 87% of the total vesicle lipids detected (Nalin et al. 
2000). Hopanoids which are produced in nearly half of all analyzed bacterial species 
have proven to be physiologically important due to their critical role in membrane 
dynamics during different stresses. For instance, the membrane condensing hopanoids 
of Streptomyces coelicolor is proposed to have possible roles in stress alleviation in 
aerial mycelium by diminishing water permeability across the membrane (Poralla 
et al. 2000) although they are verified to be not essential for growth when the gene for 
hopanoid biosynthesis was mutated (Seipke and Loria 2009).

2.2.2  Cell Wall

Actinobacteria possess a cell wall containing peptidoglycan (PG) layer of 20–80 nm 
thickness. Twenty percent of the cell dry weight is represented by the cell wall of 
which around 60% is the PG weight. The remaining weight is due to the presence 
of different macromolecules such as lipids, polysaccharides, proteins, and teichoic 
acids in which some of them are free while others are attached to the PG.

Conventionally, bacterial PG is a polymer containing β1–4 linked N-acetylglucosamine 
(NAG) and N-acetylmuramic acid (NAM) units as well as a chain of amino acids con-
nected to NAM. In actinobacteria, variations in the amino acid sequence of these peptide 
chains together with their mode of cross-linkage give clues for their classification. 
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The amino acid of position 3 in the peptide chain is the most helpful index for the clas-
sification of actinobacteria based on cell envelope compositions. This position can be 
occupied with meso- and ll-diaminopimelic acid, l-ornithine, l-lysine, and l-diamino-
butyric acid (Roy et al. 2007).

Apart from peptidoglycan, the cell wall of actinobacterial members also includes 
arabinogalactan (AG), lipomannan, and lipoarabinomannan. Many of the sugar 
polymers of the cell wall, such as AG, are important due to their role in immuno-
logical reactions of the host, when talking about pathogenic actinobacteria. There 
are several antibiotics targeting AG such as ethambutol, since the absence or defect 
in AG is verified to cause growth defects (Alderwick et al. 2006; Seidel et al. 2007).

The cell wall core of Mycobacteria is composed of PG covalently attached to AG 
via phosphoryl-Nacetylglucosaminosyl-rhamnosyl linkage units (PGlcNAc-Rha), 
while AG esterifies to long-chain mycolic acids which is the main component of the 
inner leaflet of the outer layer. This is while in other Gram-positive bacteria, wall 
teichoic acids (WTA) are covalently attached to PG (Grzegorzewicz et al. 2016).

Although lipoteichoic acid (LTA) is suggested to be available merely in Firmicutes, 
they are reported in two actinobacterial genera, namely, Agromyces and Streptomyces 
(Potekhina et al. 1982; Greiner-Mai et al. 1987), as well as in Thermobifida fusca which 
was suggested to have roles in the cell envelope homeostasis (Rahman et al. 2009).

Another major compartment of actinobacterial cell wall is teichuronic acids, the 
heteropolymeric polysaccharides composed of a uronic acid along with amino sug-
ars and neutral monosaccharides which are linked to a polymer of whether amino 
acids or glycerol phosphates (Tul’skaya et al. 2011). They are of common cell wall 
components of actinobacteria such as Propionibacterium, Corynebacterium, 
Catellatospora, Actinoplanes, Streptomyces, and Kribbella (Tul’skaya et al. 2011).

2.2.3  Surface Layer and Capsule

Surface layer or S-layer is a crystalline monomolecular outermost layer of cell enve-
lope composed of identical proteins or glycoproteins found in the cell envelope of 
various bacterial taxonomic groups as well as in some members of actinobacteria. 
Cells equipped with S-layer can efficiently withstand the osmotic pressure. 
Moreover, it is proposed that the existence of this layer which serves as the interface 
between the cell and its environment would give the functionality as a selective 
sieve to the cell by which the passage of low-molecular-weight solutes is allowed 
while excluding large molecules or structures (such as viruses) (Guerrero 2000).

C. glutamicum possesses an S-layer composed of PS2 proteins. PS2 is a 52 kDa 
protein which forms an S-layer with hexagonal lattice symmetry (Peyret et al. 1993). 
This layer has been shown to give the bacterium an extreme resistance to protease and 
detergents. The S-layer is attached to the cell wall majorly via tight hydrophobic inter-
actions. The C-terminal segment of PS2 is hydrophobic, and any defect in this segment 
has been shown to result in the secretion of this protein to the medium. As a biotechno-
logical point of view, since bacteria with S-layer express the relating protein in high 
amounts and within an efficient expression system, they can be biotechnologically 
studied and used for heterologous protein expression procedures (Bayan et al. 2003).
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Rhodococcus equi which is a human and animal pathogen actinobacterium pro-
duces capsular polysaccharides which are structurally diverse acidic heteropolysac-
charides consisting of acetal-linked pyruvate or lactic acid ether substituents. Other 
actinobacteria such as Thermomonospora, Arthrobacter, Acidothermus, and 
Nitriliruptor also produce capsules (Rosenberg et al. 2014). Although capsules are not 
observed by capsule staining, Actinobaculum is reported to have a fringelike outer coat 
external to the cell wall in thin section electron micrographs (Rosenberg et al. 2014).

Some pathogenic Mycobacteria also produce capsules as a thick layer in the 
outermost part of the cell. M. tuberculosis and M. kansasii possess glucan and 
protein- containing capsules, while in the case of M. leprae, capsule is comprised of 
phenolic glycolipids (Daffé 2015) (Fig. 2.11).

S-layer
a

b

c

Outer membrane lipids

Mycolic acid

Cell wall

Porin

Teichuronic acid

Lipoarabinomannan

Lipoteichoic acid (LTA)

Membrane proteins

Diacyl phosphatidyl inositol

LTA
Wall teichoic acid

(WTA)
Porin

Lipopolysaccharide
(LPS)

Lipoprotein

Periplasmic
space

Cell wall

Fig. 2.11 The schematic cell envelope of Corynebacteriaceae. (a) Gram-positive (b) and Gram- 
negative cell envelope (c) are also depicted for quick comparison. Notes: (1) Dimensions are not 
fully considered; (2) Gram-positives and Gram-negatives may also contain S-layer; (3) Not all the 
depicted components in “a” are found altogether in every member of Corynebacteriacea (see text) 
and many of other actinobacteria, e.g., Micrococcus luteus has pattern “b”
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2.3  Cytoplasm

2.3.1  Cytoskeleton

One of the major components of bacterial cytoplasm is the “cytoskeleton,” which is 
required for cell shape determination, cell division, and motility (Graumann 2009). 
Cytoskeletal proteins are ubiquitous among bacteria such as FtsZ, MreB/Mbl, and 
crescentin which are the homologues of eukaryotic tubulin, actin, and intermediate 
filaments, respectively, as well as unique bacterial cytoskeletal proteins such as 
MinD and bactofilins.

Streptomycetes have an extremely elaborated cytoskeleton which is more com-
plicated than other bacteria which can be explained by their hyphal growth (Celler 
et al. 2013). Streptomycetes possess besides FtsZ and MreB/Mbl a large number of 
proteins with coiled-coil structural elements. In these bacteria, as well as other 
Gram-positives, DivIVA exists but with divergent function: in S. coelicolor, DivIVA 
is essential for growth in and localizes to tips to drive apical growth. Here, the over-
expression of Scy, a novel coiled-coil cytoskeleton protein which colocalizes with 
DivIVA, results in establishing growth nuclei for apical growth and branching by 
sequestering the DivIVA (Lin and Thanbichler 2013). The intermediate filament 
protein (FilP) localizes near the DivIVA/Scy at the hyphal tip which is proposed to 
have roles in mechanically controlling the cell shape (Fig. 2.12).

Moreover, actinobacteria possess actinobacterial-specific regulators of FtsZ 
which is essential in the initiation and development of cell division. FtsW is involved 

DivIVA

Apical
growth

2 µm

Scy

FilP

Fig. 2.12 Cytoskeleton 
proteins contributing in the 
apical growth of 
Streptomyces coelicolor 
(Adapted from Fuchino 
et al. 2013)
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in the positive regulation of cell division in Mycobacteria which does not show any 
homology with its similar molecules within other bacterial genera. Another exam-
ple is DivS which suppresses the cell division in Corynebacteria. The existence of 
these specific proteins lacking in other bacteria proves the complexity of the actino-
bacterial cell division and growth (Letek et al. 2012).

2.3.2  Inclusion Bodies

Intracytoplasmic storage compartments called inclusion bodies are widespread among 
bacteria as well as eukaryotes in which nutrients are accumulated. Lipophilic storage 
elements represent an efficient form of energy storage since lipids provide more 
energy than carbohydrates and proteins. This form is found mainly in eukaryotes, 
although there are few bacteria belonging to the actinobacteria able to store triacylg-
lycerols such as Mycobacterium and Nocardia. The formation of polyhydroxyalka-
noic acid (PHA) inclusions has been also reported in Nocardia, Streptomyces, 
Kineosphaera, and Rhodococcus species (Matias et al. 2009). It is important to note 
that the granules of PHAs can also be visualized inside the spores (Matias et al. 2009).

Other than PHA and triacylglycerol, other lipids can also be accumulated in acti-
nobacteria. In this regard, Nocardia can accumulate glycerides and straight-chain 
waxes when grown on specific hydrocarbons (Alvarez et al. 1996).

Pallerla et al. have reported the presence of volutin granules, the intracellular 
storages of complexed inorganic polyphosphate, in C. glutamicum which is accu-
mulated for about 18–37% of its total cell volume (Pallerla et al. 2005). The forma-
tion of polyphosphate (or metachromatic) granules was previously reported in C. 
diphtheriae, identification of which is performed via staining with toluidine blue or 
Neisser stains and was a diagnostic tool to discriminate the highly pathogenic C. 
diphtheriae with other corynebacteria (Mac Faddin 1985).

2.3.3  Bacterial Microcompartments (BMCs)

BMCs are organelles composed of merely proteins which were previously believed 
to be phages due to their polyhedral and polygonal shape. They organize diverse 
metabolisms by encapsulating the relevant enzymes of the metabolic process and are 
generally used to optimize pathways with toxic or volatile intermediates. When these 
compartments are lacking, the accumulation of such toxic compounds would result 
in cellular toxicity. On the other hand, they might diffuse from the membrane to the 
environment which is unfavorable due to carbon loss. There are different types of 
well-known BMCs such as carboxysome, 1,2-propanediol utilization (Pdu), and 
ethanolamine utilization (Eut) microcompartments which diffuse polar molecules 
such as CO2, propionaldehyde, and acetaldehyde, respectively. The latter two com-
pounds are cytotoxic, and these BMCs contain enzymes to produce nontoxic deriva-
tives, while carboxysomes benefit in CO2 fixation due to bringing high concentrations 
of relevant enzyme, substrate, and cofactors together (Chowdhury et al. 2014).
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It is suggested that the genes encoding BMCs have been subjected to frequent 
horizontal gene transfer and are thus widespread among the bacterial phyla. BMC 
gene cluster has been found in many actinobacteria with their relevant enzyme. 
Mycobacterium smegmatis (aldehyde dehydrogenase), Nakamurella multipartite 
(aldehyde dehydrogenase, glutathione-dependent formaldehyde dehydrogenase), 
and Solibacter usitatus (aldehyde dehydrogenase, aldolase, dihydrodipicolinate 
synthase) are some of these examples (Kerfeld et al. 2010).

2.4  Other Cellular Structures

2.4.1  Vesicles

Gas vesicles are cytoplasmic gas-filled bubbles, whose function is to control the 
organism’s floatation process in aqueous environments. They have been widely 
studied in cyanobacteria as well as halophilic archaea; they are also reported in 
actinobacteria distributed in soil and aqueous environments.

The envelope of these vesicles is consisted of a specific type of amphiphilic pro-
teins, namely, gas vesicle proteins (Gvps), whose genes (gvp) can be mined in bacteria 
to predict the presence of gas vesicles. The occurrence of orthologues of the eight 
essential gvp genes has been reported in Streptomyces sp. which are verified to be in 
duplicate or even triplicate in the genomes of these bacteria. However, the actual syn-
thesis of these vesicles should be experimentally validated. The alternative function of 
Gvps in these bacteria is suggested to be in the osmostress response (Shively 2006). 
Other actinobacterial members such as Saccharopolyspora erythraea, Rhodococcus 
sp., and Amycolatopsis balhimycina also contain a gvp gene cluster. However, the 
discovery of the “diazovesicles” in Frankia sp. is a better example in this regard. 
Frankia are filamentous, nitrogen-fixing actinomycetes which live as microsymbionts 
in many plant hosts. During nitrogen-limited aerobic conditions in culture and in sev-
eral types of actinorhizal root nodules, Frankia develops stalked, spherical vesicles 
that develop from hyphal branches. These vesicles are covered with a lipid-abundant 
layer which mainly consists of hopanoids, and due to this, hopanoid level in Frankia 
is among the highest level among bacteria (Dobritsa et al. 2001). This lipid envelope 
forms a barrier to oxygen which in turn will protect the nitrogenase enzyme.

2.4.2  Flagella and Pili

As previously mentioned, actinobacterial taxa such as Actinoplanes, Planomonospora, 
Dactylosporangium, Ampullariella, Spirillospora, Planobispora, and Dermatophilus 
produce motile spores possessing flagella with different numbers and organizations. 
Although all types of flagellation are found in these bacteria, peritrichous flagellation 
is rather rare (Kalakoutskii and Agre 1976). Furthermore, flagellated spore released 
from old sporangia has been identified to be non-motile in Actinoplanes sp.; how-
ever, the motility can be restored if a suitable carbon and energy source is added to 
the solution. These bacteria can resynthesize flagella if kept in suitable medium with 
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sufficient amino acid and carbon sources when deflagellated via methods such as 
ultrasound treatment (Kalakoutskii and Agre 1976).

The flagella may appear around the spore through different organizations as can 
be seen in Fig. 2.13.

As a few examples, Actinoplanes sp. have globose motile spores with a polar tuft 
of flagella (Fig. 2.14a); Spirillospora, on the other hand, is reported to have rod- 
shaped spores, usually slightly bent, with a tuft of flagella in a subpolar location 
(Fig. 2.14b), and the speed of motility is higher than other motile actinobacterial 
spores (Higgins et al. 1967). The study of the detailed structure of actinobacterial 
spore flagella is limited, and further investigations are needed.

a b

c

d e f

Fig. 2.13 Flagellar organizations of actinobacterial spores. (a) Monopolar monotrichous, (b) 
peritrichous, (c) polytrichous, (d) monopolar polytrichous (lophotrichous), (e) subpolar polytri-
chous, and (f) lateral polytrichous

a b

Fig. 2.14 The motile spores of (a) Actinoplanes ferrugineus (Palleroni 1979) and (b) Spirillospora 
sp. (Higgins et al. 1967)

2 The Cellular Structure of Actinobacteria



24

Pili are protein structures that extend from the surface of bacterial cells to allow 
the bacteria to adhere to their environment (Gerlach and Hensel 2007).

Pili are of important virulence factors of pathogenic bacteria and oral flora since 
they enable these bacteria to attach the molecules on various host tissues. Moreover, 
only few Gram-positive bacteria have been reported to possess pili, and if they elab-
orate these filaments, they have shown to be both shorter and thinner than pili of 
Gram-negative pathogens (Ton-That and Schneewind 2003). However, there are 
many members within actinobacteria able to elaborate pili. Pathogen 
Corynebacterium diphtheriae contains adhesive pili on its surface which play 
prominent roles in its adhesion to different host tissues. There are also genes of the 
subunits of adhesive pili discovered in Corynebacterium ulcerans genome. Pili are 
important in interbacterial interactions between oral Streptococci and Actinomyces 
in the mouth. A. viscosus and A. naeslundii have two types of pili where one of them 
is involved in attachment of the bacteria to hard surfaces in the mouth and the other 
is responsible for the coaggregation reactions with other bacteria (Bowden 1996). 
Actinomyces oris possess pili which comprise two subunits, namely, FimA and 
FimB, the fimbrillins of shaft and tip, respectively. These subunits can be important 
targets for exploring novel intervention strategies to control plaque biofilm forma-
tion (Mishra et al. 2010).

Different pilus structures can be also formed in a bacterium; C. diphtheriae were 
believed to assemble a pilus structure comprising the subunits SpaA and two minor 
proteins, SpaB and SpaC; however, later a different pilus type containing the differ-
ent subunits SpaD, SpaE, and Spa was characterized in this bacteria which are inde-
pendently assembled and completely different to that of SpaABC (Gaspar and 
Ton-That 2006).

Generally, pilus subunit molecules (pilins) are localized by non-covalent asso-
ciation within the cell wall envelope specifically PG in Gram-positive bacteria and 
outer membrane in Gram-negatives. The length of most actinobacterial pili ranged 
from 0.2 to 3 μm with the diameter of 2–6 nm (Yanagawa and Honda 1976).

 Conclusions

Actinobacteria, the highly evolved Gram-positive bacterial taxon, representing 
complex life cycle, are abundant in various aqueous and terrestrial environ-
ments and have become well adapted to live in these situations via different 
strategies whether on the genome-scale regulations or cellular structural prop-
erties. Although great developments are observed in the field of gene regula-
tion studies as well as studies of actinobacterial applications and biotechnology, 
the consideration of methods for investigation of basic biological concepts of 
these bacteria such as their cell morphology and structure needs more atten-
tion. Various studies should be conducted to uncover the cell biology of espe-
cially less-studied actinobacteria to finally acquire the ability of better 
understanding their potentials.
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3Growth and Life Cycle of Actinobacteria

Javad Hamedi, Naghmeh Poorinmohammad, 
and Reyhaneh Papiran

3.1  Life Cycle of Actinobacteria

A range of life cycles are observed within actinobacteria which are reasonably 
unique among prokaryotes. The most distinguishing feature in the developmental 
cycle of actinobacteria is observed in actinomycetes. This differentiated taxon per-
forms their growth with the formation of branching hyphae which then form a veg-
etative mycelium, while they disperse through spores that form on specialized 
reproductive structures called aerial hyphae. Thus, their life cycle resembles in 
many ways the life cycle of filamentous fungi.

Because of their economic importance in producing secondary metabolites such 
as antibiotics, the best-studied life cycle is that of the genus Streptomyces. When the 
spore of a Streptomyces is in favorable conditions and nutrients, it germinates and 
tends to form hyphae which grow by tip extension and finally form a substrate 
mycelium. When sufficient nutrients are not available to the cells or other signals 
are encountered, many morphological differentiations will occur. For instance, aer-
ial hyphae are formed. Aerial hyphae are then divided into prespore chains through 
a controlled process of cell division. Mature spores with thick coats are then formed 
to continue the life cycle (Fig. 3.1).
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There may be some extensions in terms of life cycle stages in different acti-
nomycetes. For instance, in the cellulose-degrading actinobacterium, 
Thermobifida fusca, biofilm formation is reported to apparently represent a 
major component of its life cycle. T. fusca forms biofilm in both nutritive and 
nonnutritive surfaces (Alonso et al. 2008). The study by Alonso et al. showed 
that in the life cycle of this actinomycete, cellulose is specifically colonized by 
aleuriospores, which germinate, grow, and degrade cellulose, ultimately devel-
oping into biofilms. The life cycle completes by detachment of cells from the 
biofilm in the form of aleuriospore or mycelial fragments which can in turn 
produce mycelial pellets (Fig. 3.2).

There are other types of life cycles within actinobacteria such as the rod-coccus 
life cycle in rhodococci (Fuhrmann et al. 1997). This life cycle starts with the coc-
cus or short rod stage after which different organisms show various types of succes-
sion with more or less complex morphological stages to complete their life cycle. In 
many, cocci may germinate only into short rods, while others can form filaments as 
well as show elementary branching. There are also reports on producing extensively 
branched hyphae in the most differentiated forms. Finally, by the fragmentation of 
these filaments or rods, cocci can be produced to complete the cycle (Goodfellow 
et al. 1998).

Spores

Spore maturation
Vegetative mycelium

Aerial hyphae
formationSporulation septa

Fig. 3.1 The life cycle of streptomycetes
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3.2  Differentiation in Actinobacteria

Morphological development as the result of nutrient starvation is well studied in 
Streptomyces genus. Actually, nutritional downshift, especially in the case of nitro-
gen and carbon sources and guanosine tetraphosphate (GTP), is the most common 
condition associated with sporulation (Glazebrook et al. 1990; McCormick and 
Flärdh 2012). Also, genome-wide transcriptome analysis of a group of signaling 
molecules, called SCBs (S. coelicolor butanolides), revealed that ɣ-butyrolactone 
system has regulatory effect on morphological differentiation of the bacteria (D’Alia 
et al. 2011). In addition, microbial interactions such as predation and competition 
between microorganisms in natural environment can also affect Streptomyces dif-
ferentiation (Pérez et al. 2011).

When adequate aerial biomass is generated through tip extension, aerial 
growth is stopped by a transmitted signal followed by beginning the sporulation 
process. The aim of sporulation is increasing the cells’ resistance against vari-
ous chemical and physical stresses. For sporulation, first of all, aerial hypha is 
subjected to a completely different kind of cell division from vegetative hypha, 
called as sporulation- specific cell division, a process which is initiated by for-
mation of many symmetrical septa called sporulation septa (Barka et al. 2016; 

Free spores

Non-
attachment

growth pellet
Mycelia

Attached
spores Germinating

spore
Biofilm

Attachment surface

Fig. 3.2 Life cycle of biofilm forming T. fusca
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McCormick and Flärdh 2012). The remarkable difference between vegetative 
septa, i.e., cross walls, and sporulation septa is the degree of cell separation that 
resulted from each form of septa. Cross walls lead to physically unseparated 
cells, forming a multicellular structure of bacteria, like channels containing 
connected compartments. In contrast, a complete separation of cells is observed 
by sporulation septa (Jakimowicz and van Wezel 2012).

Spore maturation occurred after sporulation septation. During spore maturation, 
a thick spore wall is formed through the inside assembling of the prespore. In addi-
tion, some nucleoid-associated proteins are involved in prevention of DNA spore 
from damages to maintain its integrity. The last event in prespore maturation is 
producing a pigment such as the gray color pigment in S. coelicolor (McCormick 
and Flärdh 2012).

3.2.1  Aerial Growth

In many actinomycetes, vertically developing filaments may be observed after germ 
tube extrusion and mycelia formation, which is called aerial hyphae. The network 
of aerial hyphae then forms a cover on the colony surface of these bacteria. As pre-
viously mentioned, aerial hyphae break the surface tension and escape the environ-
ment in which vegetative mycelium was formed and grows out to the air as the name 
denotes. This structure will be divided into chains of immature spores under a tight 
and complex controlled cell division. The matured spores then can spread and form 
mycelia.

Aerial growth in actinomycetes is directly dependent on the nutritional situ-
ation as well as the type of mechanical support. Cannibalism of the mycelium 
biomass from which the emerging aerial hyphae are being formed is one of the 
most important sources of nutrients which require extracellular protease cas-
cade activation. This will lead to the conversion of millions of spores from a few 
milligrams of the vegetative mycelium which is a reasonable strategy to sur-
vive. On the other hand, the physical support on which the hyphae can grow is 
provided by some amphipathic proteins and peptides secreted from the cells and 
is assembled on the surface of the aerial hyphae. Of these proteins, chaplins and 
rodlins can be named as well as SapB and SapT peptides to fulfill the require-
ment of correct aerial growth which is described below (Capstick et al. 2007; 
Ekkers et al. 2014).

The orientation of aerial growth into the air is aided by a hydrophobic sheath 
covering the aerial hyphae called the rodlet layer which does not exist in vegetative 
mycelia. Rodlet layer is composed of paired rods with 8–12 nm in width and up to 
450 nm in length. This layer is proved to be very similar to those found on the sur-
faces of aerial structures of filamentous fungi and is made from self-assembly of 
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proteins called hydrophobins. This coat together with surfactant materials such as 
SapB and SapT produced by aerial hyphae helps its growth from aqueous environ-
ment into the air (Claessen et al. 2004).

In a rich medium, but not minimal ones, SapB and SapT, non-antibiotic 
lanthionine- containing peptides, are produced in different actinomycetes species 
and function as a biosurfactant necessary for aerial growth. However, during the 
development on either minimal or rich medium, chaplins which are a group of eight 
secreted, surface-active proteins (ChpA-H) are produced in Streptomyces coelicolor 
(Elliot et al. 2003). It is reported that both the Sap peptides and chaplin proteins are 
needed for normal aerial hyphae formation on rich medium by exerting their surface 
tension reduction activity; however, the interplay of these two biosurfactant groups 
should be revealed (Capstick et al. 2007). Other than their important role in aerial 
hyphae formation, chaplin proteins have also been reported to affect the ultrastruc-
ture of the rodlet layer (Di Berardo et al. 2008).

Generally, a brief model of aerial growth in S. coelicolor and the role of hydro-
phobin proteins/peptides are as follows: (1) submerged growth of mycelium in the 
culture medium secretes ChpE and ChpH which in turn dramatically decrease the 
water surface tension; (2) the newborn hyphae emerge and start to produce ChpA-H 
which will be assembled as an insoluble film at the position where the hyphal cell 
wall and air phase meet; and (3) the hydrophobic chaplin layer further induces the 
formation of the ultrastructure of the rodlet layer by rodlin proteins (RdlA and 
RdlB) (Claessen et al. 2003) (Fig. 3.3).

It is important to note that the aerial growth in actinomycetes is performed by 
apical extension through the addition of newly synthesized wall material to the tip 
of the hyphae (Gray et al. 1990). The initiation of new branches on the vegetative 
mycelium and later this apical growth is mainly driven by the function of directed 
DivIVA which is a cytoskeletal-like protein reported to have several roles in Gram- 
positive bacteria such as in polar growth, cell division, and chromosome segregation 
(Kaval and Halbedel 2012). This coiled-coil protein localizes at the pole of the 

Air

Medium

Submerged growth
1 2

Lowering surface tension
(ChpE/ChpH shown in circles)

Coating of aerial hyphae (darker
part) containing different proteins

(refer to text)

3

Fig. 3.3 Aerial growth in S. coelicolor with the help of chaplins and rodlins
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hyphae and functions as a polar recruitment factor. The so-called polarisome formed 
at the tip of the hyphae by the aid of DivIVA is then broken off to form daughter 
polarisomes which in turn determine the next position for the growth of other new 
emerging hyphae. In other words, newborn polarisome is left behind and in turn will 
recruit more DivIVA proteins. As the daughter polarisome reaches a specific size 
dose, the new branch will start to grow (Flärdh et al. 2012).

As mentioned, aerial growth involves a complex developmental program whose 
elements are yet to be discovered.

3.2.2  Developmental Regulators

The isolates which are not able to form aerial mycelium are referred to as Bld pheno-
type, and also the mutant colonies that remained white, i.e., the spore pigments are 
not produced, are called the Whi phenotype (Hopwood et al. 1970). Apart from a few 
isolates of Whi phenotype that only failed in pigment synthesis step, in others, ces-
sation of sporulation occurred during different stages (McCormick and Flärdh 2012). 
Isolation of whi mutants led scientists to identify the key sporulation regulators.

WhiA, whiB, whiG, whiH, whiI, and whiJ, known as early whi genes, are required 
for early sporulation stages of aerial hyphae including formation of sporulation septa.

The phenotypes of whiA and whiB and also double mutants are identical with 
long and highly coiled hyphae lacking sporulation septa and condensed nuclei 
(Fig. 3.4), indicating the key role of whiA and whiB for cessation of further aerial 
extension (Ainsa et al. 2000; Chater and Chandra 2006). WhiA and whiB act coor-
dinately through an unknown mechanism which might occur when the proteins 
reach a critical concentration or as a response to a cellular signal. The cluster har-
boring whiA gene is conserved among Gram-positive bacteria. Also, the presence 
of whiA homologues has been detected in Fusobacteria and Thermotoga. In con-
trast, WhiB-like proteins (Wbl), a large family of WhiB homologues, featured by 
four conserved cysteine residues, have been found only in actinobacteria (Ainsa 
et al. 2000; McCormick and Flärdh 2012).

a b

Fig. 3.4 Scanning electron image of whiA-deficient mutant of Streptomyces coelicolor A3 (2). (a) 
Chains of unicellular spores in wild-type strain and (b) coiled aerial hypha of mutant strain without 
sporulation septa (Arrows show a number of branches immerged from the coiled hyphae). (Ainsa 
et al. 2000)
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Sequencing whiD gene in Streptomyces coelicolor A3 (2) revealed that the pro-
tein is a homologue of WhiB protein with high amino acid sequence similarity. 
Also, the four cysteine residues present in WhiB primary sequence have been 
detected in the case of WhiD. Regarding this perfect conservation, it is suggested 
that these four residues may act as ligands for a metal cofactor such as zinc, copper, 
or an iron-sulfur cluster or that they may be involved in intramolecular disulfide 
bond formation. whiB, whiD have also been identified only in members of actino-
bacteria (Molle et al. 2000).

The phenotype of whiD-null mutants of Streptomyces coelicolor A3 (2) was dis-
tinguished from wild type with varied spore size, the emergence of spore lysis, and 
also irregular partitioning of spore compartment indicating the involvement of 
WhiD in initiation of sporulation septation (Fig. 3.5) (Molle et al. 2000).

Also, whiH and whiI are two regulatory genes controlled by RNA polymerase 
sigma factor ϬWhiG which are required for spore formation at initiation of sporula-
tion. Mutation in whiG is epistatic on whiH and whI, resulting in blockage of 
differentiation progression in aerial hyphae (Chater 1975; Flärdh et al. 1999). 
According to a suggested model, whiA/whiB and whiG/whiH/whiI are the two 
parallel but converging pathways required for sporulation (McCormick and 
Flärdh 2012).

3.2.3  Sporulation

3.2.3.1  Sporulation-Specific Cell Division
Cell division as a non-vital process for Streptomyces growth occurs during sporula-
tion and is initiated by forming a ladder of Z-rings. In contrast to other bacteria, 
FtsZ is not the first component of divosome localizing at the division site of 
Streptomyces. In this filamentous bacterium, SsgA first localizes at the future divi-
sion site where cell wall remodeling occurs and forms foci at the arrival site of 
SsgB, the protein that recruits FtsZ. SsgB and SsgA are the members of the family 
of SsgA-like proteins (SALPs), a group of proteins limited to morphologically 
complex actinomycetes. The non-sporulating phenotypes of the SsgA and SsgB 
null mutants have occurred exclusively in sporulating actinomycetes. A direct 

Lysed 
spores

Variable
spore 
size

Fig. 3.5 Scanning 
electron image of 
whiD-deficient mutant of 
Streptomyces coelicolor 
A3 (2) (Molle et al. 2000)
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relationship has been suggested between the number of SLAPs and the complexity 
degree of the actinobacteria morphology (Traag and van Wezel 2008). SsgB acti-
vates polymerization of long protofilaments of FtsZ of around 450 nm. Indeed, 
FtsZ proteins must accumulate to an appropriate level through the function of 
WhiA as the direct activator of FtsZ expression (Bush et al. 2013; Willemse et al. 
2011) (Fig. 3.6).

3.2.3.2  Chromosome Segregation
In contrast to vegetative and aerial hypha of Streptomyces species in which multiple 
chromosomes remain unseparated and uncondensed, during sporulation, numerous 
copies of chromosomes are segregated and condensed in synchronized manner 
(Jakimowicz and van Wezel 2012). ParAB system is the segregation process respon-
sible system. ParA is an ATPase distributed along the saprogenic aerial hyphae, and 
ParB is located on the multiple parS sites, adjacent to oriC, in the form of nucleo-
protein complex and traps DNA loops (McCormick and Flärdh 2012). ParB is 
responsible to organize the linear chromosome into nucleoprotein complexes 
located in regular distance from each other to guarantee the further presence of each 
genome copy in prespores (Dedrick et al. 2009).

Initiation of sporulation is mediated by ParA-ParJ interaction. ParJ is an 
actinobacteria- specific protein, required for proper chromosome segregation in 
sporulating hyphae through involving in stabilizing ParA monomers and inhibition 
of their polymerization before sporulation septation (Ditkowski et al. 2013).

SsgA

a b c d e

DNA

SsgB FtsZ

Fig. 3.6 Steps of Z-ring formation in Streptomyces aerial hyphae. (a) Formation of foci by SsgA, 
(b) localization of SsgA and SsgB at alternating sides, (c) formation of long spiral-like filaments 
of FtsZ at alternating sides, (d) strong interaction of SsgA with membrane, and (e) formation of 
Z-ring (Willemse et al. 2011)
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Also, it has been reported that the interaction of ParA with Scy, a tip-associated 
protein, plays an important role in controlling S. coelicolor tip extension and ParA 
mutants were elongated. ParA and Scy have negative regulation effect on each other, 
i.e., Scy inhibits ParA polymerization, and reciprocally, ParA inhibits Scy assembly 
into higher-order structures (Ditkowski et al. 2013). (Fig. 3.7).

Regarding dynamic polymerization of ParAs and their function, ParAs are con-
sidered as the cytoskeleton proteins (Ditkowski et al. 2013).

In the final stage of chromosome segregation, two proteins are involved, Smc 
and FtsK, a condensation protein and a septum-localized DNA motor protein, 
respectively. The FtsK homologue in Bacillus subtilis is SpoIIIE, a protein that is 
responsible to chromosome transportation during septum closure. The absence of 
FtsK in S. coelicolor increases DNA instability. SsfA is a member of SpoIIIE/
FtsK family that is expressed specifically in sporogenic hyphae and is needed for 
correct chromosome condensation in coordination with SmeA (Jakimowicz and 
van Wezel 2012).

3.2.3.3  Spore Maturation
MreB and Mb1 are the two actin-like proteins (actin homologues) acting as the 
first molecules in spore wall maturing stage belonging to the large Streptomyces 
spore wall synthesis complex (SSSC). The other parts of this SSSC are MerC, 
MerD, Pbp2, and the RodA-FtsW-like protein Sfr. The interaction of the SSSC 

Scy
complex

[Scy]: [ParA]= 1:1
partially disassembled
Scy complex
possible association
of ParA with Scy
complex

[Scy]: [ParA]= 1:4
disassembled
Scy complex of ParA

polymerization

[Scy] <<< [ParA]

ParA
filamentation

developmental upshift
of ParA concentration

Apical growth
of young hyphae

Inhibition
of further growth

ParA dimer with ATP bound

Depolymerized ParA, putative dimer

rod-shaped Scy molecule

Fig. 3.7 Model of 
ParA-Scy interaction in 
Streptomyces-sporulating 
hyphae (Donczew et al. 
2016)
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proteins with each other and also with the protein responsible for wall teichoic 
acid, SCO2584, is required for proper spore wall assembly (Heichlinger et al. 
2011; Kleinschnitz et al. 2011). Developmental regulation of cell wall assembly 
stage during sporulation is due to overexpression of merBCD and pbp2-sfr 
operon promoter (Burger et al. 2000). Also, developmental regulation of mbl1 
strictly occurs at the late sporulation steps. Any mutation in SSSC complex parts 
results in appearance of thin spore wall with higher stress sensitivity (Heichlinger 
et al. 2011).

Since Streptomyces spore wall is assembled from the inside (in contrast to other 
bacteria), the presence of the four cell wall hydrolase genes including rpfA, swlA, 
swlB, and swlC which are required for degrading or remodeling the original pepti-
doglycan layer of the aerial hypha is necessary (Haiser et al. 2009).

Differentiation of Streptomyces aerial hyphae into mature spores makes them 
capable to survive in quiescent state for long periods of time and withstand desicca-
tion and other challenging conditions. In Bacillus endospores, small, acid-soluble, 
DNA-binding proteins (SASPs) and dipicolinic acid (DPA) complexed with Ca2+ 
are responsible for maintaining the spore DNA integrity. However, SASP and DAP 
homologues have not been detected in Streptomyces spores, yet, but other nucleoid- 
associated proteins are contributed in protecting nucleic acid structure (McCormick 
and Flärdh 2012).

3.2.3.4  Control of Streptomyces Sporulation
The study of SLAP knockout in S. coelicolor indicated the role of SLAPs not 
only in sporulation-specific cell division (SsgA and SsgB) but in the whole spor-
ulation process from initiation of septal peptidoglycan synthesis to the separation 
of spores from the maturing prespore chain, including proper chromosome con-
densation (SsgC), spore wall synthesis (SsgD), autolytic spore wall separation 

Table 3.1 The phenotype and time of activity of SLAP mutant during sporulation of S. coelicolor 
(Noens et al. 2005)

Gene Phenotype of SALP mutants Timing of activity

ssgA Conditional non-sporulating phenotype; enhanced 
expression stimulates sporulation- specific cell 
division

Septum initiation

ssgB Strictly non-sporulating phenotype, very large 
(“immortal”) colonies

Correlates temporally to growth 
cessation of aerial hyphae 
before onset of sporulation

ssgC Irregular spores, imperfect segregation of DNA, very 
long ladders of spore septa

Controls septum site initiation 
and DNA segregation

ssgD Aberrant spore wall Lateral cell wall synthesis

ssgE Predominantly single spores due to accelerated 
autolysis

Correct timing of spore 
dissociation

ssgF Short spore chains; old spores were stained with 
WGA at the outside of the spore poles; rotated spores

Final stages of spore separation

ssgG Septa are regularly skipped, without affecting DNA 
segregation. Many spores exactly two, three, or four 
times the normal size

Controls septum site 
localization
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(SsgE, SsgF), and exact septum localization (SsgG) (Table 3.1) (Noens et al. 
2005).

3.2.3.5  Spore Germination
Spore germination, as the first step of Streptomyces development, comprises a 
sequence of three stages including darkening, swelling, and germ tube emergence. 
Divalent cations of calcium, magnesium, and iron and also the spore energy reserves 
are needed for darkening step. Calcium accumulates in the spore covers and released 
during sporulation. In contrast to darkening, swelling needs exogenous carbon 
source. For germ tube emergence, additional nitrogen and carbon source is required. 
Like spore formation, cell wall hydrolases play an important role at the germination 
step (Yagüe et al. 2013).

3.2.3.6  Streptomyces Programmed Cell Death
Programmed cell death (PCD) is defined as an active cellular suicide which is shown 
to occur in eukaryotes as well as in many bacteria in response to both abiotic and 
biotic stresses. In prokaryotes, PCD is believed either to occur during the develop-
mental life cycle of certain bacteria or to remove damaged cells from a population 
in response to a wide variety of stresses. Although programmed cell death occurs 
both in eukaryotic and prokaryotic cells, little is known about the regulation mecha-
nism of bacterial suicide process at the molecular level, in contrast to eukaryotic 
apoptosis. A proteomic analysis revealed that PCD in S. coelicolor was accompa-
nied by the involvement of several enzymes functioning in degradation of cellular 
macromolecules, regulatory proteins, and stress-induced proteins. Oxidative stress 
has been suggested as the cause or result of PCD due to antioxidant increased levels, 
associated with PCD. Further investigations are needed to identify PCD-regulating 
pathways and its position in Streptomyces biology (Manteca and Sanchez 2010).

3.2.4  Cell Division

Bacterial cell division is mostly governed by the tubulin-like protein FtsZ with 
GTPase activity which polymerizes and assembles the Z-ring in the mid-cell. The 
so-called Z-ring then recruits other proteins needed for cell division and cell wall 
synthesis which will then comprise an ultrastructure called divisome.1 A complex 
regulatory mechanism with several proteins controls the spatiotemporal occurrence 
of cell division. Although basics of cell division are common among most 
Eubacteria, this spatiotemporal regulation greatly differs in actinobacteria. This 
means that no homologues for the positive and negative regulators of cell division 
in other bacteria such as the best-studied E. coli or B. subtilis are found in actino-
bacteria. These bacteria implement a different and specific set of proteins (FtsQ, 
FtsL, DivIC, FtsW, and FtsI) for this purpose which show differences in their func-
tions (Errington et al. 2003).

1 A dynamic multiprotein assembly localizing at mid-cell to synthesize the stress-bearing peptido-
glycan and to constrict all cell envelope layers
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Due to the unique life cycle of actinomycetes, cell division in these bacteria is 
thought to occur in two ways: vegetative septation leading to cross walls in the sub-
strate mycelium and developmentally regulated sporulation/reproductive septation. 
It is important to note that for both types of cell division, one gene for FtsZ exists, 
and the mutants of this gene showed blocked cell division for both types (McCormick 
2009). Moreover, nonfilamentous actinobacteria also show some differences in their 
cell division procedure in comparison to other orders of bacteria which is being 
discussed in this section. It is important to note that since cell division is reported to 
be not essential for growth of the hyphae in streptomycetes, they are favorable can-
didates for the study of cell division mechanisms (McCormick 2009). Therefore, 
most of the findings regarding cell division in actinomycetes are gained through 
experimentations on these organisms.

a

b

Fig. 3.8 (a) Transmission 
electron microscopy of 
cross walls in vegetative 
mycelium of S. coelicolor. 
(b) The vegetative septum 
channels (bars 100 nm) 
(Adopted from Jakimowicz 
and van Wezel 2012)
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3.2.5  Vegetative Septation

During the growth in vegetative mycelium, there are cross walls infrequently formed 
at irregular intervals which are also not always uniform in width and appearance. 
These cross walls do not cause the subsequent separation of the hyphal compartments; 
however, high-resolution imaging experiments revealed that there are channels which 
allow the transport of components over the membrane (Fig. 3.8). Therefore, a con-
nected multicellular network along the actinobacterial hypha is produced (Jakimowicz 
and van Wezel 2012). These cross walls are also occasionally found in aerial hyphae 
but yet different to that of sporulation septa (Flärdh and Buttner 2009).

In general, the sporulation mechanism of actinomycetes, especially the model 
actinobacteria S. coelicolor, is better studied than its vegetative cell division pro-
cess; thus less information is available. A time-lapse microscopy study in S. coeli-
color by Jyothikumar et al. revealed some more information about the vegetative 
cell division. Accordingly, it was reported that the frequency of vegetative septa 
formation can vary between species of actinomycetes, and the culture conditions 
can affect this frequency. They have revealed for the first time that despite the previ-
ous thought that the daughter compartment of vegetative mycelium creates a new 
extension site by branching and subsequently this emerging extension will be parti-
tioned through a novel septum, branching occurs before rings of FtsZ-EGFP and 
septa are formed (Jyothikumar et al. 2008).

Conclusively, both growth and branching of vegetative mycelium hyphae take 
place prior to the formation of FtsZ-EGFP rings. Thus, FtsZ is believed to be essen-
tial in marking sites for septation in S. coelicolor. Jyothikumar et al. suggested that 
the major role of septum formation in vegetative mycelium is to prevent cytoplas-
mic leakage in the event of a breach of the hyphal walls following a trauma such as 
phage lysis (Jyothikumar et al. 2008).

3.2.5.1  Reproductive Septation
Once aerial hypha is formed as previously discussed, tens of spores are formed by 
the synchronous formation of sporulation septa. In contrast to vegetative septa, they 
are all positioned at exactly the same distance and uniformly produced in a way that 
there is normally one septum between each chromosome (Fig. 3.9). The sporulation 
septation will also result in the complete physical separation of new compartments 
(spores) which will be further released in the environment. Here, the aerial hyphae 
are divided into several rounded spores with regular size. These septa are also 
thicker than cross walls.

This is performed by the assembly of FtsZ into regularly spaced, ladder-like struc-
tures in the aerial hyphae. The average spacing in S. coelicolor is reported to be about 
1.3 mm (Schwedock et al. 1997). Each sporulation septum is formed as a double annu-
lus growing toward the center of the hypha although the wall of the parent hypha does 
not contribute to the formation of the spore wall (Wildermuth and Hopwood 1970).

Obviously the massive assembly of ladder-like ultrastructure of FtsZ requires a 
cell-specific upregulation of FtsZ transcription (Kwak et al. 2001) together with the 
exact control of septum location and time. This developmental control involves 
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many regulatory proteins, many of which are specific to the actinobacterium being 
studied which are summarized in Table 3.2.

In sum, the localization of sporulation septum is determined by the positive con-
trol of SsgB which recruits FtsZ. Prior to this phenomenon, SsgB interacts briefly 
with SsgA and becomes activated. It is noteworthy to mention that the highly sym-
metrical spacing of sporulation septa (or the localization of SsgB itself) is recently 
predicted to be governed by the function of SepG which plays an important role in 

a b

Fig. 3.9 (a) Spore chain produced on aerial hyphae, (b) fluorescent microscopy of sporogenic 
aerial hyphae (vegetative septa are visible in the non-sporulating part of the aerial hypha) (From 
Jakimowicz and van Wezel 2012)

Table 3.2 Important genes involved in sporulation control in S. coelicolor

Gene Function Reference

whiG An RNA polymerase sigma factor; key regulator 
of the commitment of aerial hyphae to sporulation

Mendez and Chater (1987)

whiH A member of the GntR family of repressors; 
required for the orderly sporulation septation

Flärdh and Buttner (2009)

whiA A whiG-independent converging pathway that 
controls sporulation in aerial hyphae

Flärdh and Buttner (2009)

whiI A response regulator; autoregulator Flärdh and Buttner (2009)

whiB and 
whiD

Transcription factors or might be disulfide 
reductases

Flärdh and Buttner (2009)

sigF Affects prespore maturation Flärdh and Buttner (2009)

whiE Specifies the synthesis of the gray polyketide 
spore pigment

Flärdh and Buttner (2009)

ssgA and the 
SALP genes

Inhibits branching and induces sporulation Flärdh and Buttner (2009)

sepG Coordinates sporulation-specific cell division and 
nucleoid organization

Zhang et al. (2016)

samR Essential gene for the environmental response Tan et al. (2002)

ssgR Positively regulates ssgA Kim et al. (2015)

atrA Direct control of ssgR Kim et al. (2015)

mreB Influences the assembly of the spore cell wall Mazza et al. (2006)
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the stable localization of SsgB to future septum sites and contributes to the mainte-
nance of chromosome compaction (Zhang et al. 2016).

A third type of septum called basal septum is reported. This kind of septa has 
been observed at the base of sporogenic hyphae in submerged cultures of S. griseus 
and is shown to play roles in delimiting a part of the hyphae allowing increased 
expression of ftsZ and thus acts as a sporulation septation inducer (Jakimowicz and 
van Wezel 2012). Other roles for this kind of septum (here called “subapical stem”) 
are also reported by Dalton et al. which denotes that they can be found at the base 
of nascent aerial hyphae and helps to proceed the compartment-specific gene 
expression (Dalton et al. 2007).

3.2.5.2  Cell Division in Nonfilamentous Actinobacteria
Although the core divisome components in cell division are similar to actinomy-
cetes, there are some detail differences observed in rod-shaped actinobacteria. In 
this regard, unlike the filamentous nature of Streptomyces, Corynebacteriaceae 
such as Mycobacterium and some other mycolate-producing actinobacteria 
(Corynebacterium, Gordonia, Nocardia, and Rhodococcus) are shown to generally 
possess a rod-shaped morphology. Therefore, although all these bacteria fall in acti-
nobacterial taxon, due to this difference, Corynebacteriaceae display small differ-
ences in their developmental stages as being described.

As an important difference in the cell division procedure of Corynebacteriaceae with 
Streptomyces sp., the bipolarity of the growth in these bacteria can be named, while 
Streptomyces possess a multipolar growth along the mycelium (Singh et al. 2013).

On the other hand, the apical growth mode present in Corynebacteriaceae is 
suggested to benefit these bacteria in a way that it allows a better-coordinated 
assembly of the complex cell envelope layers. As in Streptomyces, Mycobacteria 
and Corynebacteria also implement a DivIVA homologue (Wag31 Kang et al. 
2008) for their apical growth which is a tropomyosin-like coiled-coil protein that 
forms oligomers at the growth tips. However, apparently the DivIVA homologues 
in Mycobacterium and Corynebacterium assemble in the two cell poles 
(Fig. 3.10). By studying different microorganisms possessing DivIVA, it is sug-
gested that there are conserved localization signals for this protein which simi-
larly exist in the division site of the owner cells with different taxonomies. Of 
these signals is the negative curvature of cell poles which attracts the recruitment 
of DivIVA for further initiating the cell division (or cell elongation in 
Streptomyces) (Halbedel et al. 2009). However, the function of this protein in 
facilitating cell division whether in the mid-cell or the poles is determined by 
phosphorylation. In Mycobacteria, the procedure is regulated by PknA and PknB 
which are serine/threonine protein kinases and phosphorylate the DivIVA protein 
to further activate it. The phosphorylation site of DivIVA is not conserved in 
Streptomyces; thus, it is possible that the two kinases may not be present in these 
bacteria, although a homologue for PknB has been reported in B. subtilis which 
was essential in directing spore germination upon recognition of peptidoglycan 
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fragments released by other bacteria growing in close vicinity (Kang et al. 2005). 
Conclusively, other than its role in cell division, DivIVA must be studied to see 
if it plays any role in exiting of Mycobacterium and/or Streptomyces from dor-
mancy (Scherr and Nguyen 2009).

Mycobacteria and Corynebacteria can form rod-shaped cells in the absence of 
the helical MreB homologues. This cytoskeleton protein aids growth by facilitating 
the formation of newly synthesized peptidoglycan along it. However, 
Corynebacterium and Mycobacterium lacking this protein are shown to display a 
more flexible mode of apical growth in which peptidoglycan precursors are added 
exclusively at cell poles mainly by the help of DivIVA, RodA, and penicillin- binding 
protein 1a (PBP1a) and PBP1b (Donovan and Bramkamp 2014).

As shown in Fig. 3.10b, Mycobacteria (also true for Corynebacteria) are known 
to form a V shape during the late stages of cell division called “snapping” cell divi-
sion. This unusual morphology during cell separation is because while the plasma 
membrane and peptidoglycan form the septa during Z-ring constriction, the thick 
layers of cell envelope lipids remain intact. Therefore, when the cell divides by 
hydrolyzing the peptidoglycan linking the daughter cells together, the outer layers 
are still intertwined. Subsequently, this V-shaped splitting of cells is caused by an 
uneven snapping of these outer layers (Hett and Rubin 2008).

Moreover, although mostly all rod-shaped bacteria produce two daughter cells 
with identical sizes, in rod-shaped actinobacteria such as Mycobacteria, polar 

a bFig. 3.10 Multipolar 
versus bipolar apical 
growth of Streptomyces (a) 
and Mycobacterium (b); 
(Green: green fluorescent 
protein (GFP)-fused 
DivIVA) (Adopted from 
Wang et al. 2009)
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growth results in daughter cells of different sizes through a process which is 
called asymmetric cell division. The exact mechanism through which this asym-
metric division occurs is still unknown. However, there are two models proposed 
in this regard. In one model, it is believed that growth at both cell poles is sym-
metric until cytokinesis.2 Further, growth becomes faster at the old pole (mater-
nal pole) until the cells separate completely to form unequally sized cells (Santi 
et al. 2013). In contrast, in the other model, the two cell poles elongate at differ-
ent rates throughout the whole cell cycle in a manner that the old pole elongates 
at faster rates (Joyce et al. 2012). Whether first or second model is likely to be 
the true mechanism, it is believed that asymmetric cell division in Mycobacteria 
causes a heterogeneity in terms of cell size which helps this pathogen to be able 
to actively grow in the range of host microenvironments (Kieser and Rubin 
2014). Studying the tolerance to antibiotics in this heterogenic population is also 
of great interest.

As another difference in the cell division of rod-shaped actinobacteria, White 
et al. have reported that the M. tuberculosis FtsZ protein possesses a 20-fold slower 
GTP-dependent polymerization and a weaker GTPase activity in comparison with 
other bacteria (White et al. 2000). Further, the reason was suggested to be due to the 
residues of its C-terminus which may inhibit polymerization, imposing a lower rate, 
while the N-terminus is shown to be conserved and is involved in FtsZ-FtsZ interac-
tion (Hett and Rubin 2008). Although the evolutionary benefit or the advantage of 
this system to the cell is still unexplored, these findings especially in pathogens such 
as Mycobacteria can greatly help the drug target identification and treatment proce-
dures of the diseases caused by these organisms.

In conclusion, rod-shaped actinobacteria undergo the same general procedure of 
cell division that other bacteria follow; however, there are differences in terms of the 
type and function of proteins regulating the cell division as described. It is important 
to note that many of these differences are yet unexplored and understanding such 
fundamental procedures may help us understand more complex processes such as 
pathogenesis and virulence and the physiological information required for biotech-
nological approaches.

3.3  Factors Affecting Growth and Differentiation 
in Actinobacteria

There are many environmental variables having pronounced effects on growth and 
differentiation of actinomycetes. Among the effects of culture components, there 
are examples such as the inhibition of septation in Nocardiaceae by the limitation 
of manganese as well as the key effect of gas and temperature in determining myce-
lioid or diphtheroid growth in Actinomyces sp. and Arthrobacter sp., respectively. 
Carbon source also can temporarily affect mycelium growth by reducing the rate of 

2 The process in which a plasma membrane forms in the mid-cell region of a mother cell during cell 
division
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mycelium formation. For instance, in some streptomycetes septate, nocardioforms 
were formed instead of mycelia on synthetic media with fructose. There are also 
factors stimulating mycelium formation and cell septation such as decreased tem-
perature of incubation, decreased relative humidity (surface cultures), and the addi-
tion of Tween 80 in Nocardia sp. In these bacteria, carbon sources such as starch, 
glycogen, and more specifically glucose have led to extension of mycelium and 
cease in fragmentation (Kalakoutskii and Agre 1976).

Unlike the previously accepted issue that there is a possible relationship of the 
growth rate and morphogenesis in some actinomycetes such as Nocardia sp., 
studies on the kinetics of hyphal growth and branching in Streptomyces sp. showed 
no relationship between growth rate increases and branch numbers (Miguélez 
et al. 1992).

The effects of nutrients on sporulation of ten Streptomyces have been also stud-
ied, and results showed that media containing mineral sources of nitrogen act bet-
ter than organic nitrogen sources. However, as a more general result, it is better to 
conclude from different studies that nutrients have rather variable effects on sporu-
lation of Streptomyces spp. as the difference in concentration of carbon, nitrogen, 
or phosphorus sources causes differences in their ratios and subsequently may 
form growth-restricting conditions (Kontroab et al. 2007). Moreover, it was also 
reported that the sporulation in the submerged culture of several Streptomyces spp. 
is better triggered when some nutrients especially phosphorus are exhausted. Daza 
et al. have also suggested that the ratio between Ca2+ and phosphate or nucleotides 
is critical in inducing sporulation in submerged cultures. They have reported that 
the effect may be caused by the reduction of GTP by high concentrations of Ca2+ 
and thus activation of stringent response which is correlated with differentiation 
and sporulation in Streptomyces sp. (Daza et al. 1989). Amino acids like methio-
nine and tryptophan (Palazzotto et al. 2015), humic and fulvic acids, biotin, and 
also complex organic media are also factors reported to be favorable for sporula-
tion (Kontro et al. 2005).

Other than nutrient requirements, pH values might be critical for sporulation and 
hyphal formation in actinomycetes, since slightly alkaline pH ranges favor spore 
formation (Kontro et al. 2005). Regarding aerial hyphae formation and growth, nar-
row temperature optima are reported in comparison to vegetative growth. However, 
exact information on suppressive effects of environmental factors on aerial hypha 
information is still lacking and needs additional attention.

Conclusively, there is an extreme flexibility and plasticity regarding actinobacte-
rial growth and differentiation in response to different environmental factors. The 
comprehensive study of these factors not only can give useful information for their 
physiology but also can be extremely beneficial to be used in fermentation technol-
ogy as many of these bacteria are industrially important strains used for the produc-
tion of many secondary metabolites such as antibiotics.

J. Hamedi et al.



47

Conclusions
There have been much effort to unravel the physiology of bacterial growth and 
cell division within actinobacteria. Since this taxon comprises both pathologi-
cally important (e.g., Mycobacterium tuberculosis and Corynebacterium diph-
theria) and biotechnologically relevant strains (e.g., Corynebacterium 
glutamicum and Streptomyces griseus), exact information on their growth and 
cell division dynamics is essential in designing treatment or production enhance-
ment strategies. Regarding the importance of growth studies, the somehow-
recent observation that actinobacterial spores can produce secondary metabolites 
such as antibiotics or the possibility of spore formation in liquid cultures can 
greatly help in biotechnological productions. However, most of the aforemen-
tioned studies in actinobacteria have been performed on a few model organisms 
such as S. coelicolor and few members of Mycobacteriaceae and 
Corynebacteriaceae. Therefore, to confidently claim that all aspects of actino-
bacterial growth and differentiation together with their molecular basis and 
dynamics are unraveled, there are much work yet to be performed such as pro-
ducing useful microscopy images, related gene functional annotations, and 
experimental validations as well as performing comparative studies to present 
accurate actinobacterial growth and cell division models.
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4Classification and Taxonomy 
of Actinobacteria

Fatemeh Mohammadipanah and Mona Dehhaghi

4.1  Current Status in Actinobacterial Taxonomy

Taxonomic position of the phylum Actinobacteria is proposed well through the 16S 
rRNA analyses. There are six classes in the phyla Actinobacteria including 
Rubrobacteria, Thermoleophilia, Coriobacteriia, Acidimicrobiia, Nitriliruptoria, 
and Actinobacteria, 5 subclasses, 6 orders, and 14 suborders (Ludwig et al. 2012).
The order Actinomycetales belongs to the class Actinobacteria that is now limited 
to the members of the family Actinomycetaceae. Therefore, while 43 families within 
the phylum Actinobacteria are classified to class Actinobacteria, the 5 other classes 
constitute only 10 families (Ludwig et al. 2012). The immense recent expansion in 
the development of genome sequence data has supplied detailed understandings of 
genome evolution and made it easier to categorize microorganisms at the level of 
genera and family accurately. Figure 4.1 indicates the phylogenetic tree of sequenced 
Actinobacterial genera.

The class Actinobacteria consists of orders that were previously organized as sub-
orders within the order Actinomycetales such as Bifidobacteriales and Jiangellales 
(Zhi et al. 2009; Tang et al. 2011). In the class, two clades are present; the first 
clade includes orders Actinopolysporales, Glycomycetales, Corynebacteriales, 
Micromonosporales, Jiangellales, Propionibacteriales, and Pseudonocardiales, 
and the second clade consists of the orders Actinomycetales, Kineosporiales, 
Bifidobacteriales, and Micrococcales. In addition, the order Frankiales is not con-
sidered as a clade and forms independent lineages at the base of tree including 
families Frankiaceae, Acidothermaceae, Cryptosporangiaceae, Nakamurellaceae, 
Geodermatophilaceae, and Sporichthyaceae (Ludwig et al. 2012).
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4.2  Classic and Recent Criteria in Taxonomical 
Classification of Actinobacteria

Classification and taxonomy of Actinobacteria was primarily based on phenotypic 
criteria, in which limited characteristics of Actinobacteria like morphological, 
chemical, and physiological features were investigated. Morphology of colony, 
spores chain, color of substrate and aerial mycelium, and diffusible pigments are 
still important factors in differentiation of genera but do not provide adequate 

Fig. 4.1 A genome-based phylogenetic tree for 97 genome sequences of the phylum Actinobacteria 
(Barka et al. 2016)
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information for classification of this phylum. The current classification of 
Actinobacteria is based on 16S rRNA sequences. However, there is wide attention 
in the use of other molecular markers to construct phylogenetic trees and resolve 
limitations accompanied by 16S rRNA gene-based classification. Notably, nucleo-
tide variations in multiple rRNA operons and horizontal gene transfer of 16S rRNA 
genes tend to have relatively unstable relationships between taxa in phylogenetic 
trees (Sentausa and Fournier 2013).

The classification of prokaryotes currently is based on the combination of phe-
notypic, chemotaxonomic, and genotypic information that is called polyphasic tax-
onomy (Schleifer 2009). Phenotypic methods applied for taxonomy analysis include 
morphology, antigenic features, growth range, metabolic production, pathogenesis, 
and ecology of microorganism. While the extensive use of polyphasic taxonomic 
approaches has improved the taxonomy resolution of phylum Actinobacteria, there 
are remarkable problems in some genera like Streptomyces that 16S rRNA gene and 
phenotypic features are not always sufficient for new species description (Girard 
et al. 2013).

Whole genome sequences of bacteria have provided accurate information about 
bacterial systematics. Several genetic indices have been used to taxonomic analysis, 
remarkably DDH. The value of DDH of 70% has been suggested as a threshold for 
the description of species members. In addition, the average nucleotide identity 
(ANI) and multilocus sequence typing/multilocus sequence analysis (MLSA) have 
been recommended as alternative genetic taxonomic criteria (Konstantinidis and 
Tiedje 2005; Goris et al. 2007). Next-generation sequencing (NGS) method is rap-
idly increasing the number of sequenced bacteria, a faster approach that accelerates 
the accumulation of bacterial sequences data. Phylogenetic tree reconstruction 
using full genome provides more information and improves the resolution of relat-
edness between taxa.

4.3  Phenetic Classification

4.3.1  Microscopic and Macroscopic Morphology

Classification of Actinobacteria genera was primarily based on morphological fea-
tures (Barka et al. 2016). Morphological characteristics are still fundamental criteria 
in description of different taxa, while they are not considered as sufficient determi-
nants to individualize different genera. Standard media for the International 
Streptomyces Project have been used for cultivation and characterization of 
Streptomyces species (Shirling and Gottlieb 1966). These media are used to describe 
strain characteristics such as color of colony, spore, and aerial and substrate myce-
lium and diffusible pigment characteristics. Strains are cultivated in shaking flasks 
in liquid medium in standard condition and are transferred to the ISP media, which 
can be in microplate format. Growth, reverse color, aerial mycelium, spore produc-
tion, and soluble pigment are described using RAL color code. The enzyme tyrosi-
nase is responsible for the first step in the melanin biosynthesis and could only be 
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found in melanin-positive strains using the production assessment on ISP 6 and ISP 
7 media. Actinobacteria represents diverse morphologies, including coccoid or rod- 
coccoid in Micrococcus and Arthrobacter, fragmented hyphae in Nocardia spp., 
and highly differentiated branched mycelium in Streptomyces spp. Figure 4.2 repre-
sents the life cycle of sporulating Actinobacteria.

Shape and structure of filaments are various according to the genus. For example, 
Corynebacteria do not form mycelia, while Rhodococci produce only elongated 
filaments without true mycelium (Locci and Schaal 1980; Flärdh 2003). In some 
species of Actinomyces, various morphologies of filaments, which may be totally 
straight or wavy with different degrees of branching, can be observed (Goodfellow 
2012). A highly branched substrate mycelium is found in Actinopolyspora with 
mostly non-fragmented substrate hyphae. Simple to sophisticated branched sub-
strate hyphae, which often are fragmented to rod-shaped and non-motile structures, 
occur in Nocardia members (Goodfellow 2012). The presence of spore chains, spo-
rangia, and single spores, the fragmentation of aerial or substrate mycelium, or the 
type of spore chain morphology (recti-flexibilis, retinaculum-apertum spira, verti-
cillus) are investigated in light microscopic characterization (Fig. 4.3).

Actinobacteria produce a variety of spore types either free or encapsulated in 
sporangia (Fig. 4.4) that are valuable in taxonomy of Actinobacteria (Goodfellow 
et al. 1984). Mostly, they form spores with hyphal origin that can be found singly or 
in chains of different lengths (Cross 1968).

Surface of the spores themselves can also be used to distinguish between differ-
ent species using scanning electron microscopy. They may be smooth, warty, spiny, 
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Fig. 4.2 Life cycle of sporulating Actinobacteria

F. Mohammadipanah and M. Dehhaghi



55

or hairy (Pridham et al. 1958). Long chains of spores are formed on aerial myce-
lium of genera Streptomyces, Nocardiopsis, and Kitasatospora, although in some 
species of genus Streptomyces short chains of large conidia are present on aerial 
mycelia. Some genera of Actinobacteria have sporangia with motile spores 
(Oerskovia, Promicromonospora, Actinoplanes), spores with flagella 
(Ampullariella), and spherical spores on the surface of colony (Actinoplanes), 
whereas Cattellatospora and Glycomyces form short chains of conidia without 
sporangia structure (Goodfellow 2012). The number of formed spores on spore 
chain is a critical factor in order to differentiate the genera. The genus 
Microtetraspora produces chains of conidia with 2–6 spores, while Microbispora 
forms chains with longitudinal pairs. The genera Saccharopolyspora, Sporicthya, 
and Actinomadura produce short spore chains, while Streptomyces species have 
long chains of spores (Pridham et al. 1958).

Actinobacteria produce several pigments that make differences in color of colo-
nies, medium, and aerial mycelium based on their water solubility. These pigments 
are depicted in several colors including red, violet, green, yellow, gray, brown, and 
black. Production of pigments depends on medium substances, culture condition, 
and age of the strain. Melanins are polymers with diverse structures and produced 
by a broad range of organisms. These pigments are usually brown to black and are 
used in cosmetics and pharmaceutical products (Dastager et al. 2006). Actinobacteria 
members produce a dark pigment, melanin, which is considered valuable for taxo-
nomic relatedness (Arai and Mikami 1972).

a b c d

e f g

Fig. 4.3 Types of spore chains in Actinobacteria
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4.4  Physiological/Metabolic Characteristics

Physiological characteristics are used for identification of Actinobacterial species 
based on their differences in physiological properties. Physiology and metabolism of 
Actinobacteria differ from one species to another, so they can be applied for 

SpinilosporaPilimeliaActinoplanes Streptosporangium

PlanomonosporaDactylosporangiumAmpullariella Fronkia

SaccharomonosporaThermomonosporaMicromonospora Thermoactinomyces

MicrotetrasporaMicrobisporaCalellatospora Srreptomycess

Fig. 4.4 Morphological features of spores in different genera of Actinobacteria (Barka et al. 
2016)
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taxonomy studies. Actinobacteria are ubiquitous microorganisms that are found in a 
broad range of ecosystems. They are able to utilize macromolecules such as proteins, 
lignin, hemicellulose, chitin, and cellulose. Actinobacteria consume a variety of 
organic compounds and are able to grow on various substrates. Most of the genera 
are mesophilic, but there are some species that grow at high and low temperatures. 
Some are able to grow under acidic or alkaline conditions, while generally they pre-
fer neutral pH (7.0–7.5). The physiological characteristic can be done in microplate 
format and automated monitoring of biology systems or ready strips of API® strips 
such as API Coryne and API ZYM or API 20 E. Growth similar or higher than the 
positive control is considered positive which even can be calculated by software such 
as OPM (Vaas et al. 2013). This section represents some important physiological 
aspects of Actinobacteria used in taxonomical description of Actinobacteria.

4.4.1  Nutritional Requirements

Most Actinobacteria are chemoorganotrophic and non-fastidious microorganisms. 
All Actinobacterial members have glycolysis pathway (Embden-Meyerhof-Parnas) 
(Cochrane 1961). On the other hand, Entner-Doudoroff pathway is not used by 
Actinobacteria. Many Actinobacteria can switch between two pathways, glycolysis 
and hexose monophosphate shunt, during secondary metabolism (Kieser et al. 
2000). They are able to use monosaccharides and disaccharides such as fructose, 
galactose, glucose, glycerol, maltose, mannitol, raffinose, rhamnose, sucrose, and 
xylose and polysaccharides like starch and cellulose as sole carbon source. Inorganic 
(NH4

+ or NO3
−) and organic (urea) nitrogen sources are used for growth. Degradation 

of compounds like esculin, Tween 80, xanthine, gelatin, and casein is observed 
among several genera (Goodfellow 2012). Actinobacteria synthesize various 
enzymes to hydrolyze organic compounds and macromolecules. Therefore, com-
plex compounds like malt extract, oatmeal, and yeast extract increase the growth 
rate (Dworkin et al. 2005).

4.4.2  Growth Conditions

4.4.2.1  Temperature
The response of species to temperature variations is a valuable approach to differ-
entiation of strains. The optimum temperature for most species of Actinobacteria is 
25–35°C although several thermophilic and psychrophilic species have been 
described. Psychrophilic microorganisms grow between <0 and 20°C with optimum 
growth at <10°C, and psychrotolerants grow optimally at 7–15°C. Psychrophilic 
and psychrotolerant Actinobacteria are found in permafrost, sea ice, and saline 
springs of the Arctic; in permafrost, dry mineral soils, and lakes of the Antarctic; 
and in glaciers and ice-covered sites. Actinobacteria represent psychrophilic mem-
bers in genera Arthrobacter, Brachybacterium, Cryobacterium, Frigoribacterium, 
Glaciibacter, Kocuria, and Modestobacter.

Thermophilic bacteria are categorized based on their temperature of growth. 
Facultative thermophiles grow between 50 and 65°C, and obligate thermophiles 
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can grow at temperatures between 65 and 70°C but do not grow below 
40°C. Temperature variation has effect on spore’s germination of thermophilic 
Actinobacteria. Germination of spores shows changes at temperatures above and 
below 55°C as high temperatures lead to reduction in the germination process 
(Foerster 1978).

Thermophilic Actinobacteria are obligate aerobe and chemoorganotrophs, 
although there are thermophilic genera such as Streptomyces thermoautotrophicus 
(Gadkari et al. 1990) and Acidithiomicrobium sp. (Norris et al. 2011) which they are 
obligate chemoautotrophs and grow in presence of CO2 + H2 and sulfur, respec-
tively. Facultative chemoautotrophy in Streptomyces strain G26 (Bell et al. 1988) 
and facultative methylotrophy in Amycolatopsis methanolica (De Boer et al. 1990) 
have been recorded among thermophilic Actinobacteria.

4.4.2.2  pH
Most Actinobacteria grow at neutrophilic conditions and at pH ranging from 5.0 to 
9.0 where the optimum pH is 6.5–8.0; however, acidophilic and alkaliphilic genera 
have been described. The acidophilic Actinobacteria that grow optimally between 
pH values 1.8–4 belong to genera Acidimicrobium, Ferrimicrobium, Ferrithrix, 
Aciditerrimonas, Acidothermus, Catenulispora, Streptacidiphilus, and Streptomyces 
(Rosenberg et al. 2014). Studies showed that acidotolerant actinomycetes mostly 
are predominant in genera Micromonospora and Streptomyces variable in acidic 
soils (Zakalyukina et al. 2002).

Alkaliphilic Actinobacteria are classified in three categories: alkaliphilic (grow 
optimally at pH 10–11), moderately alkaliphilic (grow in a pH range of 7–10), and 
alkalitolerant Actinobacteria (grow in the pH range between 6 and 11). Alkaliphilic 
Actinobacteria occur in haloalkaliphiles, haloalkalitolerants, or thermobiotic envi-
ronments (Shivlata and Satyanarayana 2015). Alkaliphilic genera include 
Arthrobacter, Cellulomonas, Corynebacterium, Dietzia, Janibacter, Jiangella, 
Kocuria, Zhihengliuella, Nesterenkonia, Nocardiopsis, Nitriliruptor, Gordonida, 
Marmoricola, and Streptomyces (Rosenberg et al. 2014).

4.4.2.3  NaCl Tolerance
Halophilic and halotolerant Actinobacteria investigations clearly indicate the rela-
tively heterogeneous physiological characteristics among different genera. 
Actinobacteria with halotolerant or halophilic characteristics and various require-
ments for salts that can be found in more than 66 genera from 28 families are 
reported. The highest percentage of halophilic or halotolerant species is found in 
Nocardiopsis genus with 16 halophilic species. The highest salt tolerance can be 
observed in Actinopolyspora algeriensis and Actinopolyspora mzabensis, with the 
ability to grow in the presence of up to 32% NaCl (w/v). The other species of this 
genus including Actinopolyspora saharensis, Actinopolyspora halophila, 
Actinopolyspora egyptensis, and Actinopolyspora righensis have optimum growth 
in 15–20% NaCl (w/v). The widest range for NaCl tolerance was reported in 
Rubrobacter bracarensis that tolerates 3–30% (w/v) salt concentration (Hamedi 
et al. 2015).
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4.4.3  Antibiotic Sensitivity

The sensitivity toward different antibiotics is a helpful tool in differentiating 
between the species in Actinobacteria. The antibiotics susceptibility pattern of 
strains is one of the physiological parameters that can be used for classification of 
Actinobacteria.

4.4.4  Enzymatic Activity and Degradation Activity

Actinobacteria produce a wide variety of extracellular enzymes that are important 
for differentiation between species. Production of enzymes like lipase, β-glucosidase, 
β-galactosidase, α-maltosidase, N-acetyl-β-glucosaminidase, urease, trypsin, alka-
line phosphatase, esterase, leucine arylamidase, cystine arylamidase, acid phospha-
tase, and a-fucosidase has been evaluated for describing of Actinobacterial strains. 
Lignocellulolytic enzymes are secreted by Actinobacteria to hydrolyze lignocellu-
lose, the most abundant biomass on earth. Among lignocellulase-producing 
Actinobacteria, Cellulomonas fimi, Microbispora bispora, and Thermobifida fusca 
have been described widely (Saini et al. 2015). Alkaline proteases are produced by 
some Actinobacteria members like Streptomyces clavuligerus (Thumar and Singh 
2009), Nocardiopsis sp. (Moreira et al. 2003), Cellulosimicrobium cellulans 
(Ferracini-Santos and Sato 2009), and Saccharomonospora viridis (Jani et al. 2012). 
Most Streptomyces species possess chitinase genes, enabling them to hydrolyze chi-
tin in nature (Chater et al. 2010). Chitinolytic activity of Actinoplanes philippinen-
sis, Actinoplanes missouriensis, and Streptomyces clavuligerus also has been used 
as biocontrol agent (Gadelhak et al. 2005).

4.5  Molecular Classification

4.5.1  16S rRNA Gene Sequence

Gene similarity in 16S rRNA has been considered as a significant molecular marker 
in taxonomy of prokaryotes due to it being universal, relatively stable, and highly 
conserved. Consequently, analysis of the 16S rRNA sequences has been kept as a 
preferable approach for classification of bacterial isolates. However, the 16S rRNA 
gene also shows limitations as a molecular marker including being highly conserved 
in some genera, nucleotide variations among multiple rRNA operons, and the pos-
sibility of horizontal gene transfer (HGT) of these genes between taxa (Ramasamy 
et al. 2014). The 16S rRNA gene similarity value has been suggested 97% for delin-
eation of new species (Stackebrandt and Goebel 1994), but recently a cutoff value 
of 98.7–99% has been proposed for different orders (Stackebrandt and Ebers 2006). 
The EzTaxon server was developed to include the collection of all valid sequences 
which also provide calculation of pairwise similarity, multiple sequence alignment, 
and phylogenetic algorithms for tree construction (Chun et al. 2007).
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4.5.2  Alternative Genes for Phylogenetic Analysis 
of Actinobacteria

Phylogeny of Actinobacteria involves alternative molecular markers that are 
mainly restricted to particular groups of this phylum. RpoB, RecA, DnaK, 
GrpE, GyrB, GroEL, YchF, RpoB, and SecY genes have been used to construct 
phylogenetic relationships between particular groups of Actinobacteria like 
bifidobacteria, mycobacteria, and Streptomyces members (Devulder et al. 2005; 
Guo et al. 2008; Leblond-Bourget et al. 1996; Shivannavar et al. 1996; Adékambi 
et al. 2011).

A multigene method was used to phylogenetic analysis of mycobacteria species 
by Devulder et al. (2005). In this study, the 16S rRNA gene as universal and conser-
vative gene among bacteria, the gene hsp65 that belongs to a family of heat shock 
protein (Hsp) genes which are present in all mycobacteria, the gene rpoB (β-subunit 
of RNA polymerase), and the gene sod (metalloenzyme) were subjected to phyloge-
netic analysis. The results indicated that the combination of different genes causes 
remarkable increases in the robustness of the phylogenetic tree in genus 
Mycobacterium (Devulder et al. 2005). The gene rpoB-based classification approach 
also was used for phylogenetic relationships of Frankia strains (Bernèche-D’Amours 
et al. 2011). The gyrB gene (β-subunit of DNA gyrase) was used for discrimination 
between Kribbella-type strains, which made a higher resolution compared to 16S 
rRNA gene (Kirby et al. 2010).

4.5.3  DNA-DNA Hybridization and ANI Value

Genomic approaches provide an accurate tool in description of bacteria. DNA-
DNA hybridization (DDH) methods have been introduced since the 1960s, in 
order to assess the taxonomical relatedness of bacteria. Wayne et al. (1987) 
presented a value of 70% hybridization as a cutoff standard for species delinea-
tion. DDH main requirements include (1) comparison between the genomic 
DNA (gDNA) of the test bacterium and the gDNA of the type strain bacteria, (2) 
dissociation of both DNA double strands and DNA fragments, and (3) reanneal-
ing of fragments through temperature declining (Auch et al. 2010). The similar-
ity indices in correlating with DDH value including genome BLAST distance 
phylogeny (GBDP) (Henz et al. 2005), average nucleotide identity (ANI), and 
the maximal unique matches index (MUMi) (Deloger et al. 2009) have intro-
duced more efficiency compared to two genome sequences. Among these, 
Konstantinidis and Tiedje (2007) have proposed a higher range of threshold 
values according to the average nucleotide identity (ANI) of genome sequences 
which is based on a correlation between ANI and DDH values (Goris et al. 
2007; Chan et al. 2012). ANI values between 95 and 96% are equal to DDH 
value of 70% and can be assumed for species discrimination (Goris et al. 2007; 
Richter and Rosselló-Móra 2009).
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4.5.4  Whole Genome Sequencing

Comprehension of prokaryote phylogeny has been extensively based on highly 
conserved small subunit rRNA (Woese 1987). Currently, complete genome 
sequencing is considered as a powerful tool in systematic of prokaryotes. Among 
the Actinobacterial species, M. tuberculosis was sequenced for the first time in 
1998 (Cole et al. 1998). The features of some sequenced representatives of 
Actinobacterial genomes are summarized in Table 4.1. Actinobacteria have both 
circular and linear genome. Most of Actinobacterial genomes showed circular 
forms of genome, while in some genera like Streptomyces, Actinomyces, 
Amycolatopsis, Actinoplanes, Streptoverticillium, and Micromonospora, genomes 
were linear (Redenbach et al. 2000).

4.5.5  Phylogeny of Actinobacteria Based on Whole Genome 
Analysis

For a long time, 16S rRNA gene has been used as an acceptable molecular marker 
to construct the prokaryotic phylogenetic tress (Woese and Fox 1977). In addition, 
other ribosomal RNA genes have also been applied to study bacterial taxonomy. 
Currently, phylogenetic analysis of phylum Actinobacteria is based on 16S rRNA 
gene and individual genes in case of particular groups. However, single-gene phy-
logeny seems to be unstable and cannot reflect the true evolutionary history of com-
plex groups (Alam et al. 2010).

In contrast, whole genome-based phylogeny analysis shows the higher resolution 
of inner branches at species level and in addition eliminates the restrictions addressed 
in single-gene taxonomy analysis. Verma et al. (2013) have reconstructed a phylo-
genetic tree of 90 Actinobacterial genomes based on single genes (16S rRNA genes, 
23S rRNA genes, and protein sequences of 94 conserved genes for single-based 
gene phylogeny) and whole genome sequences. Results of this approach showed 
inconsistencies in both maximum-likelihood trees and neighbor-joining trees of 
members of Frankiales and Propionibacteriales as they are not found to be in agree-
ment with each other. Among the used methods, alignment-free phylogeny was 
found to be robust and reliable for phylogenetic studies of phylum Actinobacteria 
(Verma et al. 2013).

4.5.6  Molecular Typing

4.5.6.1  Pulsed-Field gel Electrophoresis (PFGE)
This technique relies on separation of large DNA fragments obtained by restriction 
enzymes. PFGE has been commonly used for genotyping and genetic fingerprinting 
especially in epidemiological studies of pathogenic bacteria (Besser 2015). PFGE 
has also been shown as a reliable and reproducible technique in typing of 
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Table 4.1 Data of sequenced Actinobacteria genomes up to 2103

Actinobacterium
Genome 
size (bp)

%G+C 
content

Number 
of ORFs

Number 
of rRNA 
operons Reference

Amycolatopsis 
mediterranei U32

10,236,715 71.3 9228 4 Zhao et al. (2010)

Bifidobacterium longum 
NCC2705

2,266,000 60 1730 4 Schell et al. (2002)

Corynebacterium 
diphtheriae NCTC 13129

2,488,635 53.5 2320 5 Cerdeño-Tárraga 
et al. (2003)

Corynebacterium 
efficiens YS-314

3,147,090 63.4 2950 5 Nishio et al. (2003)

Corynebacterium 
glutamicum ATCC 13032

3,309,401 53.8 2993 5 Ikeda and Nakagawa 
(2003)

Corynebacterium 
jeikeium K411

2,462,499 61.4 2104 3 Tauch et al. (2005)

Frankia alni ACN14a 7,497,934 72 6786 2 Normand et al. 
(2007)

Frankia sp. strain Cc13 5,433,628 70 4618 2 NCBI source
NC_007777

Frankia sp. strain QA3 7,590,853 72.6 6493 3 Sen et al. (2013)

Kocuria rhizophila DSM 
11926

2,697,540 71.6 2357 3 Takarada et al. 
(2008)

Leifsonia xyli subsp. xyli 
CTCB07

2,584,158 67.7 2351 1 Monteiro- Vitorello 
et al. (2004)

Mycobacterium avium 
subsp. paratuberculosis 
K-10

4,829,781 69.3 4350 1 Li et al. (2005)

Mycobacterium bovis 
AF2122/97

4,345,492 65.6 3953 1 Garnier et al. (2003)

Mycobacterium leprae 
TN

3,268,203 57.7 1605 1 Cole et al. (2001)

Mycobacterium marinum 6,636,827 65.7 5424 1 Stinear et al. (2008)

Mycobacterium 
tuberculosis H37Rv

4,411,532 65.6 3994 1 Cole et al. (1998)

Mycobacterium 
tuberculosis CDC1551

4,403,836 65.6 4250 1 Fleischmann et al. 
(2002)

Mycobacterium sp. 
(strain MCS)

5,705,448 68 5391 2 NCBI source
NC_008146

Nocardia farcinica 
IFM10152

6,021,225 70.8 5674 3 Ohnishi et al. (2008)

Propionibacterium acnes 
KPA171202

2,560,265 60 2297 3 Brüggemann et al. 
(2004)

Propionibacterium 
freudenreichii 
CIRM-BIA1

2,616,384 67 2439 2 Falentin et al. (2010)

Saccharopolyspora 
erythraea NRRL23338

8,212,805 71.1 7264 4 Oliynyk et al. (2007)
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nonpathogenic bacteria. This method has been used for tracing the evolutionary his-
tory (Ventura et al. 2007) and chromosome diversity or similarity assessment within 
Actinomycetales (Kirby 2011). This technique has been applied for differentiation 
of clinically important Nocardia species in order to control the spread of nocardial 
diseases (Blümel et al. 1998). Clinical isolates of Mycobacterium strains involved in 
prevalent outbreaks (M. abscessus, M. chelonae, and M. fortuitum) have been stud-
ied for their patterns in PFGE profiles using restriction endonucleases AseI, DraI, 
and XbaI (Zhang et al. 2004).

4.5.6.2  Multilocus Sequence Typing (MLST)
Multilocus sequence typing (MLST) is a molecular technique for characteriza-
tion of bacterial species using variations in internal housekeeping gene frag-
ments. MLST provides opportunity to investigate the evolution and population 
structure of bacteria (Maiden 2006). MLST has presented an approach to assist 
in identification and classification of some genera in subclass Actinobacteridae 
including Mycobacterium, Microbacterium, Bifidobacterium, Microbispora, and 
Streptomyces. A core set of genes for MLST analysis of subclass Actinobacteridae 
has been introduced that include ychF, rpoB, and secY genes which has shown to 
be a valid tool for identification and taxonomic analysis of this subclass 
(Adékambi et al. 2011). Streptomyces is a complex genus in phylum 
Actinobacteria, and systematic of this group is exceptionally important due to 
their industrial significance. A multilocus sequence analysis using six house-
keeping genes including atpD, gyrB, recA, rpoB, trpB, and 16S rRNA from 53 
valid strains has been performed for Streptomyces griseus. Studies demonstrated 
that multilocus sequence analysis is accurate and can be used for other 
Streptomyces species identification (Guo et al. 2008).

Streptomyces albus subsp. albus NRRL B-1811T comprises a cluster accom-
panied with four other species including S. almquistii, S. flocculus, S. gibsonii, 
and S. rangoonensis. Multilocus sequence analysis using housekeeping genes of 

Table 4.1 (continued)

Actinobacterium
Genome 
size (bp)

%G+C 
content

Number 
of ORFs

Number 
of rRNA 
operons Reference

Streptomyces coelicolor 
A3

8,667,507 72 7769 6 Bentley et al. (2002)

Streptomyces avermitilis 
MA-4680

9,025,608 70 7577 6 Ikeda et al. (2003)

Streptomyces griseus 
IFO 13350

8,545,929 72.2 7138 6 Ohnishi et al. (2008)

Thermobifida fusca YX 3,642,249 67 3110 4 Lykidis et al. (2007)

Tropheryma whipplei 
TW08/27

925,938 46 783 1 Bentley et al. (2003)

Tropheryma whipplei 
Twist

927,303 46 808 1 Raoult et al. (2003)
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atpD, gyrB, recA, rpoB, and trpB was used to differentiate nearly identical 16S 
rRNA genes species and suggested a reclassification of Streptomyces species 
(Labeda et al. 2014).

Phytopathogenic Streptomyces members also have been classified using MLST 
method recruiting four housekeeping genes, atpD, recA, rpoB, and trpB. Also this 
method was applied in identification of strains isolated from plants without the need 
to conduct DNA-DNA hybridization (Labeda 2011).

Although most classification of the genus Microbispora is based on 16S rRNA 
gene sequences, phylogenetic trees of this genus have difficulties in taxonomic 
analysis and are not reliable. 16S-gyrB-rpoB gene sequences have also been used in 
classification of Microbispora species. Taxonomic analysis based on MLST showed 
significant probability support (Savi et al. 2016).

4.5.6.3  Random Amplified Polymorphism Deoxyribonucleic Acid 
(RAPD)

RAPD detects available polymorphism between strains by showing differences 
among amplified DNA fragments. This method is used as a powerful tool for gene 
mapping, phylogenetic analysis, and bacterial identification (Micheli et al. 1994). 
This method has already been used successfully for differentiation of Mycobacterium 
tuberculosis isolates in epidemiological studies. Application of RAPD technique 
for region separating the genes 16S and 23S rRNA of M. tuberculosis isolates indi-
cated higher resolution compared to whole genome-based RAPD (Abed et al. 1995). 
This method has been used for developing specific probes for Streptomyces genus 
and also a strain-specific probe for Streptomyces lydicus WYEC108 (Roberts and 
Crawford 2000). Actinobacteria producing hydrolytic enzymes have been identified 
by the RAPD fingerprinting using 20 different primers as Streptomyces genus 
(Boroujeni et al. 2012).

4.5.6.4  Ribotyping
Ribotyping method is applied in taxonomic analysis, epidemiological, and popu-
lation studies. In silico genomic analysis revealed that the observed polymor-
phisms indicate restriction fragment length polymorphisms (RFLPs) of the 
housekeeping genes existed in flank chromosomal rRNA gene sequences 
(Bouchet et al. 2008). Nocardia species may cause granulomatous and system-
atic infections in human in soft tissues, skin, pulmonary tracts, and the brain. 
Ribotyping of Nocardia asteroides and related strains has been developed in 
1996, and four ribotypes were identified (Eshraghi 2015). Ribotyping provides a 
rapid approach for detection of pathogenic Nocardia strains. In another study, 
clinically significant Nocardia strains were distinguished using ribotyping 
method by a combination of EcoRV gene restriction endonuclease patterns plus 
an rDNA probe that categorized them in 19 different groups (Işik and Goodfellow 
2010). Automated ribotyping has been used for identification of thermophilic 
Actinobacteria isolated from pulp and recycled fiber. Accordingly, this method 
showed reproducibility in discrimination of Nocardiopsis and Streptomyces spe-
cies (Suihko et al. 2006).
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4.5.6.5  MALDI-TOF Mass Spectrometry
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 
(MALDI-TOF MS) is considered as an accurate and reliable method in differentia-
tion of Actinobacterial species. According to the taxonomic studies, polyphasic 
identification of Streptomyces species has been proven to be time-consuming and 
expensive. MALDI-TOF MS was applied by Loucif et al. (2014) for rapid identifi-
cation of Streptomyces species isolated from environmental samples. This study 
revealed that whole cell protein extraction of Streptomyces cells with trifluoroacetic 
acid provided reproducible spectra for MALDI-TOF MS and resolved the challenge 
of filamentous nature of Streptomyces species (Loucif et al. 2014).

MALDI-TOF MS was used for identification of clinically important Actinobacteria 
such as Corynebacterium, Actinomyces, Bifidobacterium, and Propionibacterium 
genera. The study showed the reliability of MALDI-TOF MS in identification of 
Gram-positive bacteria (Schulthess et al. 2014). In addition, specificity of MALDI-
TOF MS has been proved for identification of Mycobacterium and Nocardia species 
(Buckwalter et al. 2016).

4.6  Chemical Classification

Chemotaxonomy refers to study of chemical components of cells which are used in 
classification of microorganisms (Goodfellow and Minnikin 1985). The chemical 
constituents of Actinobacterial cells have played an important role in the classifica-
tion of these Gram-positive bacteria (Lechevalier et al. 1971). The most important 
bacterial cell components in chemotaxonomy studies are cell wall fatty acids, amino 
acids, menaquinones, sugars, and ratio of DNA bases (Goodfellow and O’Donnell 
1989; Williams 1989). In this section, main chemical parameters that are critical in 
taxonomy of Actinobacteria are presented.

4.6.1  Cell Wall Chemical Composition

Actinobacteria could be classified into distinct groups at the generic level based 
on their cell wall composition. For such classification, the cell wall amino acids 
and whole cell sugars have become widely applied as the taxonomic markers 
(Prauser 1976).

The cell walls of Actinobacterial species depict the usual structure and chemical 
constituents of other Gram-positive bacteria (Schleifer and Kandler 1972). They 
show a homogeneous layer with 16–35 nm thickness under electron microscope. 
The peptidoglycan, which accounts for 20% of the cell dry weight, contains β1–4 
linked N-acetylglucosamine and N-acetylmuramic acid. Tetrapeptide l-Ala–d-Glu–
LLA2pm–d-Ala is present in cell wall of Streptomycetes cross-linked by pentagly-
cine bridge from the D-alanine to the amino group of the d-carbon of LLA2pm 
(Schleifer and Kandler 1972). The position three in the peptide side chain of 
Actinobacteria is placed by lysine, meso-DAP, or LL-DAP. The cell wall 
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compositions change during sporulation as in submerged mycelium LL-DAP and 
glycine (wall chemotype I) occur, while in spores, only meso-DAP could be found 
(wall chemotype III) (Takahashi et al. 1984).

The cell wall of Actinobacteria as in other Gram-positive bacteria consists of 
a peptidoglycan, although in some genera such as Mycobacterium, Nocardia, 
Corynebacterium, and Rhodococcus, it is composed of a peptidoglycan contain-
ing a thick layer meso-diaminopimelic acid linked to arabinogalactan. This 
layer is esterified by long-chain fatty acids, which are known as mycolic acids 
(Fig. 4.5).

Sugars could be detected in the whole cell hydrolysates that are part of the cell 
wall polysaccharides and based on four sugar patterns recognized in Actinobacteria. 
In some cases, xylose, galactose, and arabinose were reported as diagnostic sug-
ars. In Streptomyces members, typically mannose, ribose, and glucose were 
recorded in small amounts (Dworkin et al. 2005). Five sugar patterns have been 
described in classification of mesodiaminopimelic acid containing Actinobacteria 
(Lechevalier et al. 1971), on the basis of the presence of certain sugars (arabinose 
and galactose; madurose; no diagnostic sugars; arabinose and xylose; rhamnose), 
although, in general, eight cell wall chemotypes (Table 4.2) have been described 
according to the combination of the amino acids and cell wall sugars to differenti-
ate Actinobacteria.

TMM, TDM
free complex
lipids and
acyl-glycolipids

OM

AG

PG

proteinsPIMs

PM

MycobacteriumCorynebacteriumStreptomyces

Mycolic
acids

Lipoarabinomannan
Corynomycolic
acids

Fig. 4.5 Comparison of the cell wall structures from Streptomyces, Corynebacterium, and 
Mycobacterium. In Streptomycetes, as in other Gram-positive bacteria, the cell wall consists of a 
peptidoglycan layer (PG) that covers the cytoplasmic membrane (PM)
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4.6.2  Cell Membrane Isoprenoid Quinones

Menaquinones are classified as respiratory compounds that are present in the cyto-
plasmic membranes of many bacteria and play an important role in electron trans-
port chain. Menaquinones are the only type of isoprenoid quinones present in 
Actinobacteria. However, the type of structure of these compounds can be applied 
for the Actinobacterial taxonomy (Collins and Jones 1981). Parameters that are 
taxonomically important cover methylation and demethylation, length, and degree 
of saturation of the C-3 side chain and side chain cyclization of menaquinones 
(Collins et al. 1988). Most Actinobacteria represent quinones with saturated iso-
prenoid side chain at position 3 of the naphthoquinone ring. Streptomyces members 
have highly hydrogenated isoprenoid chains, and three to four isoprene units usu-
ally are saturated (Dworkin et al. 2005). Table 4.3 represents the major menaqui-
nones of different families of Actinobacteria.

4.6.3  Cell Membrane Phospholipids

Phospholipids are the most important polar lipids in bacterial cell membranes, 
including phosphatidylcholine, phosphatidylethanolamine, phosphatidylglyc-
erol, diphosphatidylglycerol, phosphatidylserine, phosphatidylinositol, and 

Table 4.2 Different types of cell wall components in Actinobacteria (Barka et al. 2016)

Cell wall 
type Major components Genera

I LL-DAP, glycine, no sugar Arachnia, Nocardioides, Pimelobacter, Streptomyces

II meso-DAP, glycine, 
arabinose, xylose

Actinomyces, Actinoplanes, Ampulariella, 
Catellatosporia, Dactylosporangium, Glycomyces, 
Micromonospora, Pilimelia

III meso-DAP, madurose 
(3-O-methyl-d-galactose)

Actinocorallia, Actinomadura, Dermatophylus, 
Frankia, Geodermatophilus, Kitasatospora, 
Maduromycetes, Microbispora, Microtetraspora, 
Nonomuraea, Planobispora, Planomonospora, 
Planotetraspora, some Frankia spp., Spirillosporia, 
Streptosporangium, Thermoactinomyces, 
Thermomonospora

VI meso-DAP, arabinose, 
galactose

Micropolyspora, Nocardioforms

V Deprived of DAP; possesses 
lysine and ornithine

Actinomyces

VI Deprived of DAP; variable 
presence of aspartic acid, 
galactose

Arcanobacterium, Actinomyces, Microbacterium, 
Oerskovia, Promicromonospora

VII Deprived of DAP; 
diaminobutyric acid, 
glycine, with lysine variable

Agromyces, Clavibacter

VIII Deprived of DAP; ornithine Aureobacterium, Curtobacterium, Cellulomonas
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Table 4.3 Major menaqui-
nones of Actinobacterial 
families (Goodfellow 2012)

Family Major menaquinones

Acidimicrobiaceae MK-9(H8)

MK-10(H10)

MK-(H8)

Actinomycetaceae MK-9

MK-10(H4)

MK-9(H4)

MK-8

Actinopolysporaceae MK-9(H4)

Beutenbergiaceae MK-8(H4)

Actinospicaceae MK-9(H6)

MK-9(H4)

MK-9(H8)

Cellulomonadaceae MK-9(H4)

MK10(H4)

Conexibacteraceae MK-7 or derivatives

Patulibacteraceae MK-7 or derivatives

Solirubrobacteraceae MK-7 or derivatives

Coriobacteriaceae DMMK-6

MK-6

Corynebacteriaceae MK-8(H2)

MK-9(H2)

Cryptosporangiaceae MK-9(H6)

Dermabacteraceae MK 7
MK8 or MK9

Dermatophilaceae MK-8(H4)

Dietziaceae MK-8(H2)

Gaiellaceae MK-7

Geodermatophilaceae MK-9(H4)

Glycomycetaceae MK10(H4), MK10(H6)

MK11(H4), MK11(H6)

Iamiaceae MK-9(H4) or MK-9(H8)

Intrasporangiaceae MK-8(H4)

Jonesiaceae MK-9

Ruaniaceae MK-8(H4)

Bogoriellaceae MK-8(H4)

Kineosporiaceae MK-9(H4)

MK-9(H2), or MK-8(H2)

Micrococcaceae MK-7

MK-8

MK-9

MK-10

Micromonosporaceae MK-9

MK-10
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other phosphatidylglycolipids (Wang and Jiang 2016). Phospholipid com-
position of cell membrane has been studied for taxonomic classification 
of Actinobacteria, and five main groups of phospholipid typing have been 
described (Table 4.4). Diphosphatidylglycerol could be found in most members 
of Actinobacteria, while phosphatidylcholine is rarely found in Actinobacteria. 
Phosphatidylethanolamine, phosphatidylinositol, and phosphatidylinositol man-
nosides are detected in most of Actinobacterial species, while phosphatidylg-
lycerol is less abundant. Members of genera Micromonospora, Mycobacterium, 
Nocardia, Microellobosporia, Actinoplanes, and Streptomyces contain phos-
phatidylethanolamine as a major phospholipid. Phosphatidylcholine is present 
in genera Actinomadura, Micropolyspora, Nocardia, and Pseudonocardia, and 
phosphatidyl methylethanolamine is also found in this group. Phospholipids 
containing glucosamine occur in genera Microbispora, Streptosporangium, 
Oerskovia, and Promicromonospora (Lechevalier et al. 1977). In addition, 
heptadecenoic acid has never been found in major forms of phospholipids in 

Table 4.3 (continued) Family Major menaquinones

Mycobacteriaceae MK-9(H2)

Nakamurellaceae MK-8(H4)

Nocardiaceae MK-8(H4) cyclo

MK-9(H2)

MK-8(H2)

Nocardioidaceae MK-8(H4)

MK9(H6)

MK-10(H6)

Nocardiopsaceae MK-10(H8)

Promicromonosporaceae MK-9(H4)

Propionibacteriaceae MK-9(H4)

Pseudonocardiaceae MK-9(H4)

Rubrobacteraceae MK-8

Sanguibacteraceae MK-9(H4)

Rarobacteraceae MK-9

Segniliparaceae MK-8(H4)

MK-8(H2)

Sporichthyaceae MK-9(H6)

MK-9(H8)

Streptomycetaceae MK-9(H6)

MK-9(H8)

Streptosporangiaceae MK-9(H2)

MK-9(H4)

MK-9(H6)

Thermoleophilaceae MK-7(H4)

Tsukamurellaceae MK-9
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Actinobacteria but is present in other bacteria (O’Leary 1975). Some species of 
Actinomadura, Corynebacterium, Microtetraspora, and Nocardioides contain no 
major amounts of nitrogen-containing phospholipids (Lechevalier et al. 1977).

4.6.4  Cell Membrane Fatty Acid Pattern

Fatty acid analysis of cell membrane contributes to characterization and classifica-
tion of Actinobacteria. The differences in carbon chain length and the presence of 
saturated and unsaturated fatty acids, methyl groups, cyclopropane, and hydroxyl 
fatty acids are all considered as taxonomical values. Diagnostic fatty acids should 
constitute more than 2% of strain fatty acid content. Biosynthetic pathways of fatty 
acids have revealed that branched fatty acids synthesis is present in Actinobacteria. 
2-Methylbutyrate as substrate leads to anteiso-branched fatty acids, while iso- 
branched fatty acids with even and odd numbers of carbon atoms are composed 
from isovalerate and isobutyrate, respectively (Gago et al. 2011). Table 4.5 shows 
the different fatty acid patterns that have been found in Actinobacteria.

4.6.5  Cell Membrane Mycolic Acid Type

Mycolic acids are α-branched, or β-hydroxylated fatty acids form a second per-
meability barrier in cell wall of mycobacteria, and Corynebacteria mycoloyl resi-
dues are linked to arabinogalactan or trehalose to generate mycoloyl 
arabinogalactan and trehalose monomycolate and trehalose dimycolate, respec-
tively (Brennan 2003). Mycolic acids are composed of very long-chain fatty acids 
(carbon chains between 60 and 90) in Mycobacterium species, while in other 

Table 4.4 Phospholipid types of Actinobacteria cell membrane (Lechevalier et al. 1977)

Phospholipid 
types Characteristic phospholipid Genus

P I No nitrogenous phospholipids Actinomadura, Corynebacterium, 
Microtetraspora, Nocardioides

P II Only one nitrogenous phospholipid 
phosphatidylethanolamine

Actinoplanes, Chania, 
Dactylosporangium, Microellobosporia, 
Micromonospora, Micropolyspora, 
Mycobacterium, Nocardia, Streptomyces

P III Phosphatidylcholine and 
characteristic phospholipid

Actinomadura, Micropolyspora, 
Nocardia, Pseudonocardia

P VI Glucosamine-containing 
phospholipids

Intrasporangium, Microbispora, 
Streptosporangium,

P V Phosphatidylglycerol and 
glucosamine-containing 
phospholipids

Oerskovia, Promicromonospora
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Actinobacteria, they contain complex of saturated and unsaturated fatty acids 
with shorter carbon chains (carbon chains between 22 and 36 in corynomycolic 
acid) (Minnikin and Goodfellow 1979).
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5The Genetic System of Actinobacteria

Horbal Lilya and Luzhetskyy Andriy

5.1  Introduction

The taxonomic order Actinobacteria includes soil-dwelling, free-living and sapro-
phytic mycelial bacteria (Streptomycetes, Amycolatopsis, Actinoplanes, Nocardia, 
Micromonospora, Kitasatospora), as well as the causative agents of tuberculosis 
and leprosy (Mycobacterium tuberculosis and Mycobacterium leprae). Because the 
hallmark of the former is the ability to produce over two-thirds of the naturally 
derived antibiotics, anti-tumour agents and immunosuppressants that are currently 
in use (Baltz 2008; Demain and Sanchez 2009), our chapter will mainly focus on 
these bacteria. They are characterised by a complex life cycle that starts with spore 
germination, the development of substrate mycelia and then the formation of aerial 
mycelia and spores, which are correlated with secondary metabolite production 
(SM) (Flärdh and Buttner 2009; McCormick and Flärdh 2012). The role of the latter 
in the host cell is still a subject of debate. The most widely distributed notion is that 
SMs play a role in “microbial communication” (Barka et al. 2015; Ostash et al. 
2012). However, these molecules have a broad application in the medicinal, veteri-
nary and agriculture setting. Thus, since the discovery of streptomycin, the first 
antibiotic isolated from mycelial Actinobacteria in 1940, these microorganisms 
have received a great deal of attention and saved millions of lives. However, because 
these bacteria are widely distributed in the environment and are well studied, there 
is a problem of the frequent “rediscovery” of the same chemical compounds (so- 
called low hanging fruits) (Bachmann et al. 2014; Katz and Baltz 2016). For 
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example, streptothricin is found in approximately 10% of randomly collected soil 
actinomycetes (Baltz 2008). Until the first Streptomyces genome was sequenced 
(Bentley et al. 2002), it was anticipated that one strain could produce no more than 
3–4 metabolites, and thus, the notion that Actinobacteria are already exhausted as 
producers of new bioactive compounds was the dominant theory at the end of the 
twentieth century. This was one of the reasons why many pharmaceutical compa-
nies withdrew from drug discovery programmes. However, a new boost in this field 
of Actinobacteria came with the advent of relatively inexpensive next-generation 
sequencing (NGS) technologies. Based on the analysis of the huge amount of avail-
able genetic information, it became obvious that the chromosome of these bacteria 
contains a hidden wealth of secondary metabolite gene clusters, most of which are 
silent or poorly expressed under traditional screening conditions (Bentley et al. 
2002; Ohnishi et al. 2008; Omura et al. 2001; Tokovenko et al. 2016). This gave 
birth to a new approach, currently known as “genome mining”, and it was realised 
that access to the genome sequence of a strain provides the possibility to unlock the 
biosynthetic potential of a microorganism using different molecular genetic 
approaches. In this chapter, we discuss the strategies and methodologies applied for 
the genome sequencing of Actinobacteria and the influence of the wealth of the 
genetic information obtained regarding the drug discovery field and approaches and 
genetic tools that are used for the rational strain improvement and the metabolic 
engineering of these bacteria.

5.2  Sequencing Technologies to Determine the Genetics 
of Actinobacteria and the General Features of Their 
Genomes

Mycelial Actinobacteria are bacteria with a complex life cycle that have huge 
genomes, in comparison with other known bacteria (Hopwood 2006; Reeves et al. 
1998; Redenbach et al. 2000). The first Streptomycetes genome of the best known 
representative of the genus, Streptomyces coelicolor A3(2), was sequenced in the 
late 1990s with the use of an automated dideoxynucleotide method developed by 
Sanger (Bentley et al. 2002; Mardis 2013). This was the most widely used technique 
at that time; however, it was too expensive and laborious to become a method of 
choice for routine whole-genome sequencing, which required the creation, sorting 
and sequencing of genomic libraries prior to full genome assembly (Bentley et al. 
2002). Therefore, the urgent need for inexpensive and more accurate technologies, 
which provided the possibility of overcoming fragment cloning and amplification in 
E. coli, forced the development of second-generation sequencing (SGS). Of the lat-
ter, we included 454 pyrosequencing (by 454 Life Science) (Margulies et al. 2005; 
Loman et al. 2012), Solexa/Illumina (Illumina Inc.) (Lam et al. 2012), SOLiD (now 
Thermo Fisher Scientific/Life Technologies) and Ion Torrent (now Thermo Fisher 
Scientific/Life Technologies) (Mardis 2008; Quail et al. 2012). Currently, the first 
two are the technologies of choice because of their lower cost, high throughput and 
accuracy. SGS technologies rely on the sequencing of clusters of amplified 
molecules.
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The initial third-generation sequencing (TGS) technology was launched in 2011 
by Pacific Biosciences in California and referred to as “PacBio” (Eid et al. 2009). 
Another technology that is still in its developmental phase is the Oxford Nanopore 
Technologies (ONT) MinION (Laver et al. 2015). TGS technologies perform the 
sequencing of a single molecule in real time; therefore, only a small amount of start-
ing material is required, there is no need for an amplification step, there are no 
cycles of polymerisation and termination, and it can provide a read length exceeding 
several kilobases. For instance, the longest single read of the MinION technology 
was 98 kb. However, the error-rate of the latter is 38.2%, which limits its ability to 
compete with the current sequencing technologies on the market. In addition, TGS 
performs direct RNA sequencing, whereas SGS sequences cDNA.

Currently, there are three technologies that are widely used for the de novo 
sequencing of genomes of mycelial Actinobacteria: 454 pyrosequencing, Illumina 
MiSeq and PacBio. In 2012, Illumina bested 454 sequencing with an increasingly 
high-accuracy read length, the highest output and the lowest cost per base. All of 
the above-mentioned technologies have their pros and cons. One main drawback 
of Illumina is the short length of the reads that very often lead to an inability to 
assemble long repetitive sequences found in the biosynthetic gene clusters of 
polyketide syntheses (PKS) and non-ribosomal peptide synthetases (NRPS), ribo-
somal RNA operons and terminal inverted repeats. In such clusters, regions with 
an identity close to 100% often exist (Gomez-Escribano et al. 2015). The problem 
of misassembly can be tackled using the sequencing of two different libraries of 
short and long insert sizes. PacBio provides an average read length over 10 kb, 
and it can thus easily resolve highly similar repetitive sequences. In addition, 
PacBio can successfully analyse stretches of sequences that are difficult to read, 
even by Sanger sequencing (Gomez-Escribano et al. 2015). The main limitation 
of PacBio technology is the resolution of the G and C homopolymers. This prob-
lem is mainly related to the assembly algorithm rather than the sequencing chem-
istry, and it leads to deletions and, as a consequence, frameshifts that can easily be 
solved using the “GC Frame Plot”, PCR-amplification and Sanger sequencing. 
The 454 sequencing technology has the same problem that leads to insertions and 
frameshifts.

To date, the genome of Streptomyces leeuwenhoekii was sequenced using both 
Illumina and PacBio technologies (Gomez-Escribano et al. 2015). Based on the 
obtained data, the authors proposed a new strategy to obtain a complete de novo 
sequence of a genome of interest. This strategy is based on the use of both technolo-
gies for genome sequencing, the assembly of both data sets and the use of the 
Illumina contigs to correct the PacBio nucleotide omissions/additions (Gomez- 
Escribano et al. 2015).

The development of relatively cheap NGS technologies with a high accuracy led 
to the explosion of actinobacterial genome sequencing. In the period from 2001 to 
2003, only three actinobacterial genomes were sequenced. With the advent of SGS 
and TGS, the numbers greatly increased. Thus, in 2009 and 2014, 28 and 231 
genomes were sequenced, respectively (Gomez-Escribano et al. 2015). In general, 
in the middle of 2014, there were 1203 complete and draft genomes of Actinobacteria 
available in the NCBI database.
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Considering the sequencing data and the results of the molecular analysis, it is 
postulated that the chromosome of Streptomyces is linear with telomere-like struc-
tures, whereas the chromosomes of the representatives of Saccharopolyspora, 
Amycolatopsis, Micromonospora and Actinoplanes genera are circular (Oliynyk 
et al. 2007; Stegmann et al. 2014; Hirsch et al. 2013; Yamamura et al. 2012). 
However, it is important to emphasise that there is heterogeneity even within the 
same genus. For instance, the chromosome of Amycolatopsis orientalis is supposed 
to be linear, whereas the Amycolatopsis mediterranei chromosome is described as 
circular (Jeong et al. 2013; Redenbach et al. 2000; Zhao et al. 2010b). An identical 
observation was conducted for Nocardia asteroids (linear chromosome) and 
Nocardia farcinica (circular chromosome) (Redenbach et al. 2000; Ishikawa et al. 
2004). The linearity of the Streptomyces chromosome was established by pulsed-
field gel electrophoresis and other molecular analyses (Lin et al. 1993) including the 
presence of genes in the chromosome associated with the linearity, such as tpg 
(encoding terminal protein that is linked to the end of the chromosome), tap (which 
codes for a telomere- associated protein that is important for replication of the linear 
chromosome) and ttr (encoding protein that is present close to the end of chromo-
some and is important for its mobilisation) (Kirby 2011). Considering the fact that 
the linear chromosome of Streptomyces reverts to a circular form relatively easy and 
that the genetic machine needed for the replication and stable inheritance of the lat-
ter is present in the cell, it has been proposed that a linear chromosome was the 
result of the recombination event between the linear plasmid and an ancestral circu-
lar chromosome (Chen et al. 2002). There are only a few other known bacteria 
besides mycelial Actinobacteria that have linear chromosomes: Agrobacterium 
tumefaciens (Allardet-Servent et al. 1993) and Borrelia (Ferdows and Barbour 
1989). The main features of the mycelial Actinobacteria chromosome are sum-
marised in Table 5.1.

Based on the sequence data, mycelial Actinobacteria and Myxobacteria have the 
largest chromosomes and number of genes in their genomes (Table 5.1) (in com-
parison with other known bacteria). This may reflect the complex life cycle that 
includes the formation of substrate and aerial mycelium, the germination and for-
mation of spores (McCormick and Flärdh 2012), the complexity and variability of 
the soil environment that these bacteria inhabit and their huge secondary metabolite 
repertoire (Baltz 2011, 2016; Manivasagan et al. 2014). A 5.01 Mb Streptomyces sp. 
SPB74 genome contains 4933 predicted protein-coding sequences and is one of the 
smallest among the Streptomyces species sequenced to date (Kirby 2011). 
Streptomyces bingchenggensis and Streptomyces rapamycinicus NRRL5491 have 
the largest sequenced Actinobacterial genomes to date, which are 11.94 Mb and 
12.7 Mb, respectively, and are composed of 10,023 and 10,425 predicted protein- 
coding sequences (Wang et al. 2010; Baranasic et al. 2013). Usually, the size of the 
Actinobacteria genome is 8.0–10.0 Mb (S. coelicolor A3(2), 8.7 Mb; Streptomyces 
avermitilis MA4680, 9.0 Mb; Streptomyces griseus IF13350, 8.5 Mb; Amycolatopsis 
japonica, 8.9 bp; Actinoplanes missouriensis 431(T), 8.7 bp; Actinoplanes friulien-
sis, 9.3 Mb; and Sacch. erythraea, 8.2 Mb) (Bentley et al. 2002; Omura et al. 2001; 
Ohnishi et al. 2008; Stegmann et al. 2014; Yamamura et al. 2012; Rückert et al. 
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2014; Oliynyk et al. 2007), and the GC content is over 70%. In general, 70–80% of 
the predicted coding DNA sequences (CDS) have assigned putative functions, 
whereas the remaining 20–30% are annotated as genes that code for hypothetical 
proteins. The replication origin, oriC, which may contain up to 20 DnaA box-like 
sequences (Jakimowicz et al. 1998), is typically located in the middle of the chro-
mosome. However, exceptions rarely occur, such as in the case of S. avermitilis, 
where 776 kb are shifted away from the centre and towards the right end of the 
chromosome (Ikeda et al. 2003). Generally, the chromosome consists of a “core” 
region that is 5–6 Mb and contains essential genes and variable “arms” regions or 
“contingency” loci coding for probable non-essential functions (Hopwood 2006). 
The S. coelicolor chromosome contains uneven “arms” that are approximately 
1.5 Mb (left arm) and 2.3 Mb (right arm) long (Bentley et al. 2002). The size of the 
terminal inverted repeats (TIRs) in S. coelicolor is more than 1 Mb, whereas the 
length of the TIRs in Streptomyces hygroscopicus is only 14 bp, which is one of the 
shortest TIRs found in Actinomycetes (Wu et al. 2012). A comparative analysis of 
the S. avermitilis genome with S. coelicolor and other bacteria using pairwise 
BLASTP searches revealed that 5283 (69%) genes have orthologues in S. coelicolor 
A3(2), 1966 (26%) genes have orthologues in M. tuberculosis and only 21% have 
orthologues in E. coli (1593 genes) or B. subtilis (1586 genes) (Ikeda et al. 2003). A 
comparison of the core region of S. coelicolor A3(2) with the circular chromosome 
of Mycobacterium tuberculosis and Corynebacterium diphtheriae showed syntenic 
features in gene content and location (Bentley et al. 2002). Typically, Actinobacteria 
genomes contain six rRNA operons, more than 60 tRNA genes and one tmRNA 
gene (Table 5.1) (Ohnishi et al. 2008). However, there are exceptions: the chromo-
some of S. albus has seven operons that could be a reason for the fast growth of this 
strain (Zaburannyi et al. 2014); the chromosome of Sacch. erythraea with four sets 
of rRNA genes, each containing, unusually, a duplicated 5S rRNA gene (Oliynyk 
et al. 2007); and the chromosome of Micromonospora strain L5 with only two 
rRNA operons (Hirsch et al. 2013). An additional unique feature of the Sacch. ery-
thraea genome is the presence of the sel operon (selA-D) for the production of 
selenocysteine tRNA, which recognises the UGA stop codon (Oliynyk et al. 2007).

The genomes of Actinobacteria show a strong emphasis on regulation that might 
be a consequence of the huge size of the former and reflect plasticity of these bacteria 
to complex and variable soil environments. On average, 9–15% of genes code for 
predicted regulatory proteins. The sigma factors are bacterial transcription initiation 
proteins that recruit RNA polymerase and enable its binding to a specific promoter. 
The genome of E. coli, which is on average twice as small as that of S. coelicolor, 
contains seven sigma factors (Blattner et al. 1997). There are 65 sigma factors in S. 
coelicolor, and 45 are extra-cytoplasmic function (“ECF”) sigma factors (Bentley 
et al. 2002). There are 94 putative sigma factors in the genome of A. mediterranei, and 
80 of them are the “ECF” type. The S. albus chromosome contains 35 sigma factors, 
and 25 are “ECF”, which is the smallest number among fully annotated Streptomyces 
genomes. The genome of Sacch. erythraea codes for 38 potential sigma factors. Many 
genes encode for regulators that belong to different known families of regulatory pro-
teins, namely, LysR, LacI, ROK, GntR, TetR, IclR, AraC, AsnC and MerR. There are 
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85 sensor kinases and 79 response regulators identified in the genome of S. coelicolor, 
which probably constitute regulatory pairs (Bentley et al. 2002), whereas the number 
of two component regulatory systems in the genome of A. mediterranei is greater with 
89 paired and 43 unpaired (Zhao et al. 2010b). An interesting feature of Actinobacteria 
is the presence of serine/threonine kinases in their genomes (Bentley et al. 2002), 
which are notable hallmarks of eukaryotic genomes; however, they are also identified 
in some other bacteria but in a much smaller quantity.

The huge number of predicted transporters (8–10%) and secreted proteins (10%) 
reflects the ability of these bacteria to transport and utilise different nutrients from 
the soil and resist various drugs because some of the transporters are drug pumps.

Numerous resistance genes to different antibiotics, namely, vancomycin, moeno-
mycin, beta-lactams, kirromycin, rifampicin, chloramphenicol, daunorubicin, bicy-
clomycin, camphor, tetracycline and indolmycin, have been identified in the 
genomes of Actinobacteria (Bentley et al. 2002; Oliynyk et al. 2007; Omura et al. 
2001; Ohnishi et al. 2008). The multidrug resistance of these bacteria is most likely 
related to their ability to produce a variety of biologically active compounds.

On average, Actinobacteria chromosomes contain at least 20–25 gene clusters of 
potentially bioactive compounds and new chemical scaffolds that might be a source 
of new drugs (Bentley et al. 2002; Oliynyk et al. 2007; Omura et al. 2001; Ohnishi 
et al. 2008). Currently, the chromosome of S. bingchenggensis contains 53 (Wang 
et al. 2013), that of S. rapamycinicus contains 52 (Baranasic et al. 2013) and that of 
Kutzneria albida contains 48 putative gene clusters (Rebets et al. 2014b). According 
to recent studies, bacteria with large genomes devote 0.8–3.0 Mb of their chromo-
somal DNA to secondary metabolite gene clusters (Baltz 2017). Therefore, with the 
combination of genome mining and approaches of synthetic biology, metabolic 
engineering has opened up a plethora of new interesting compounds that await dis-
covery in these bacteria.

With the exception of linear chromosomes, most of the Actinomycetes genomes 
contain either linear or circular plasmids (Table 5.1). The largest linear plasmid cur-
rently identified is pSCL4 in the genome of Streptomyces clavuligerus ATCC 
27064, which is known for the production of biotechnologically important second-
ary metabolites (Medema et al. 2010). The size of the plasmid is 1.8 Mb, and it does 
not contain genes essential for primary metabolism; however, it is packed with sec-
ondary metabolite gene clusters, namely, staurosporine, moenomycin, beta-lactams 
and enediynes. The genome of S. hygroscopicus 5008 contains two plasmids: one 
that is linear (164.57 kb) and one that is circular (73.28 kb) (Wu et al. 2012).

5.3  Reporter Genes for Actinobacteria

Most of the biosynthetic gene clusters identified by genome sequencing are silent in 
laboratory conditions. Therefore, an investigation and understanding of the regula-
tory mechanisms that control morphological differentiation and secondary metabo-
lite production can open the way to new interesting bioactive compounds and 
scaffolds and help to construct strain-overproducers. Thus, there is a need for 
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reporters that permit the study and deciphering of the expression of genes from their 
promoters under different conditions and in the presence or absence of various regu-
latory proteins and other controlling elements (e.g. signals and ligands).

The application of E. coli’s LacZ as a reporter, which is easily observed and 
quantitatively detectable, revolutionised the field of gene expression assessment in 
prokaryotes. However, attempts to utilise LacZ as a reporter for mycelial 
Actinobacteria failed because most of them are characterised by quite high endog-
enous beta-galactosidase activity, and the mutants that were deprived of this activity 
were characterised by pleiotropic defects (Eckhardt et al. 1987). Therefore, other 
known reporters were adopted for these microorganisms, namely, EGFP, RFP, 
GusA, MelC, XylE, BpsA, RppA, Amy, Neo and Cat (Table 5.2). All of these sys-
tems have their own advantages and limits.

Table 5.2 Reporter systems for mycelial Actinobacteria

Reporter Description Source

gusA Codes for the beta-glucuronidase, performs conversion of 
beta-glucuronides into chromogenic, chemiluminescent or 
fluorescent products. Can be applied for quantitative and visual 
assessment of gene expression in solid and liquid media. 
Requires substrate

E. coli

bpsA Codes for non-ribosomal peptide synthetase responsible for the 
biosynthesis of a blue pigment—indigoidine. Can be applied 
for quantitative and visual assessment of gene expression in 
solid and liquid media. Does not require addition of any 
substrate; however depends on endogenous presence of 
tryptophan

S. aureofaciens

egfp Encodes enhanced green fluorescence protein. Can be detected 
in vivo and in vitro. The system is characterised by 
photobleaching and high background due to a high level of 
autofluorescence in mycelial Actinobacteria. In vivo 
quantification is not possible

Jellyfish 
Aequorea 
victoria

mRFP Encodes for monomeric red fluorescence protein. Can be 
detected in vivo and in vitro. In vivo quantification is not 
possible

Discosoma sp.

luxAB Code for the α- and β-subunits of a heterodimer luciferase 
enzyme. This enzyme catalyses oxidation of long-chain 
aldehydes and reduced flavin mononucleotide. Requirement for 
the system is addition of the substrate—n-aldehyde decanal. 
Can be detected in vivo and in vitro. Quantitative measurement 
in vivo is possible

Vibrio harvei

luxABCDE Code for the α- and β-subunits of a heterodimer luciferase 
enzyme and for the proteins that produce a tetradecanal that is 
a substrate for the enzyme. The system is very sensitive; the 
enzyme is rapidly degradable that allows temporal investigation 
of gene expression. However, the enzymatic reaction is 
dependent on fatty acid pools, which vary in different growth 
conditions

Photorhabdus 
luminescens
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One of the most widely used reporters to date is based on the gusA gene that 
codes for beta-glucuronidase and performs the conversion of beta-glucuronides into 
chromogenic, chemiluminescent or fluorescent products (Myronovskyi et al. 2011). 
The GC content of the gusA gene from E. coli was adopted for Actinobacteria, 
which allowed the efficient expression of the gene and the application of its product 
as a versatile reporter in these bacteria. The GusA reporter system is easily used, 
and the substrates are inexpensive and do not require the presence of any additional 
cofactors, which provides an opportunity for the visual and quantitative analysis of 
gene expression. In addition, the enzyme is extremely stable and thus tolerant to 
various assay conditions (e.g. pH and temperature), and N- and C-terminal fusions 
to other proteins do not significantly impair its activity. Two vectors were reported 
for monitoring the expression of genes and operons at transcriptional and transla-
tional levels using the GusA reporter. The first one, pGUS, is used for transcrip-
tional fusions with promoters (Myronovskyi et al. 2011). It is based on the pSET152 
integrative vector (Kieser et al. 2000) containing promoterless gusA, an apramycin 
resistance gene and spectinomycin, which is surrounded with terminators to prevent 
a read-through. In certain cases, for instance, when there is a need to find mutants 
with increased expression of the gene of interest, it is important to have a reporter 
with reduced sensitivity that provides a distinct difference in the signal intensity 
only when the transcription level is significantly increased. Thus, variants of the 
gusA gene with different start codons (ATG, CTG and TTG), which are character-
ised by various sensitivities, have been created. The pGUSHL4aadA vector is used 

Table 5.2 (continued)

Reporter Description Source

rppA Codes for type III polyketide synthase that is responsible for 
the production of 1,3,6,8-tetrahydroxynaphthalene which 
spontaneously oxidises to a dark-red quinone flaviolin. Visual 
assessment of gene expression as well as quantitative 
spectrophotometric measurement are possible. The system has 
low sensitivity and depends on the pool of malonyl-CoA in the 
cell

Sacch. 
erythraea

amy Codes for α-amylase that is involved in starch digestion. Visual 
assessment of gene expression as well as quantitative 
spectrophotometric measurement are possible. Low sensitivity 
of a system

Streptomyces 
griseus

xylE Encodes catechol 2,3-dioxygenase. Requires substrate 
catechol. Can be detected in vivo and in vitro. Low sensitivity

Pseudomonas 
putida

melC Encodes for the tyrosinase operon involved in the biosynthesis 
of melanin. Can be detected in vivo and in vitro. Low 
sensitivity

S. glaucescens

neo Codes for aminoglycoside phosphotransferase. Neomycin/
kanamycin resistance. Activity can be detected in vivo and 
in vitro. Low sensitivity

Tn5

cat Codes for chloramphenicol acetyltransferase from Tn9. 
Chloramphenicol resistance. Low sensitivity

Tn9
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to monitor a translation of the gene of interest (Myronovskyi et al. 2011). It is based 
on a pTESa marker-free integrative vector (Siegl et al. 2010) and contains the gusA 
gene without a start codon, the HL4 helical linker (Arai et al. 2001) and apramycin 
and spectinomycin resistance markers (Myronovskyi et al. 2011). Both vectors are 
efficiently used for the study of gene expression in various Actinobacterial strains 
(Myronovskyi et al. 2011; Siegl et al. 2013; Horbal et al. 2013a, b; Fleige and 
Steinbüchel 2014). In addition, the GusA reporter was successfully applied for the 
construction of the library of semi-synthetic constitutive promoters based on the 
ermEp1 promoter (Siegl et al. 2013), theophylline riboswitch (Rudolph et al. 2013). 
This reporter system was also applied for the estimation of the heterologous pro-
moter strength in the teicoplanin producer Actinoplanes teichomyceticus (Horbal 
et al. 2013b). In general and considering the data for GusA activity obtained in 
Actinobacteria and other prokaryotes, GusA seems to be the reporter that currently 
provides the highest level of sensitivity.

Considering that GusA activity can be easily visually detected, another utilisa-
tion of this system is for the selection of the second crossover events. For this pur-
pose, two vectors, pKGLP2 and pKG1139, were created (Myronovskyi et al. 2011). 
Both of them contain multiple cloning sites (MCS) for the insertion of the DNA 
region of interest and the gusA reporter gene under the control of the thiostrepton 
promoter (tipAp). The main difference is that pKGLP2 is a suicide vector, and 
pKG1139 contains a thermo-sensitive origin of replication in actinomycetes. 
Utilisation of these vectors facilitates the selection of clones with the second cross-
overs. Thus, clones with the first crossover or that contain free plasmid will turn 
dark blue after being overlaid with 5-brom-4-chlor-3-indoxyl-β-D-glucuronide; the 
clones with the second crossover will lose the backbone of the plasmid, and thus the 
gusA gene, and will become uncoloured.

Another relatively new reporter system was created based on a bpsA gene from 
S. aureofaciens, which encodes non-ribosomal peptide synthetase that is responsi-
ble for the biosynthesis of the blue pigment indigoidine (Knirschova et al. 2015). 
Two vectors were created. The pBPSA1 vector contains the promoterless bpsA gene 
and is used for the quantitative and visual assessment of gene expression. The other 
one, pAMR4, is for the gene inactivation and selection of the second crossover 
clones. The advantage of this system in comparison with GusA is that it does not 
require the addition of any substrate. However, it utilises and thus depends on the 
presence of endogenous tryptophan.

The other widely used system is based on the enhanced green fluorescence pro-
tein (EGFP) (Sun et al. 1999). Earlier attempts to utilise the wild-type green fluores-
cence protein (GFP) from the jellyfish Aequorea victoria as a reporter in 
Streptomycetes failed and is most likely due to the relatively AT-rich nature of the 
former and the presence of three TTA codons in the gene, translation of which is 
developmentally regulated in these bacteria (Chandra and Chater 2008). EGFP con-
tains two amino acid substitutions, namely, Ser65Thr and Phe64Leu, which enhance 
the fluorescence 35-fold in comparison with the wild-type GFP. The version of the 
egfp gene with optimised codon usage for mammals and without TTA codons was 
successfully adopted for the expression in mycelial Actinobacteria (Sun et al. 1999). 
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Several promoter-probe vectors, pIJ8630, pIJ8660 and pIJ8668, were constructed 
(Sun et al. 1999). All of them contain the promoterless egfp gene, the MCS poly-
linker for promoter cloning and the apramycin resistance gene for selection. The 
pIJ8630 and pIJ8660 vectors site-specifically integrate into the chromosome through 
the attP site and the integrase gene (int) from the φC31 phage. pIJ8668 is a deriva-
tive of pIJ8660 that lacks the φC31 attachment site and the int gene and thus might 
be used for the transcriptional fusion between the egfp gene and the gene of interest 
at its native chromosomal locus via homologous recombination integration. The 
EGFP-based reporter system was used for the investigation of regulatory gene 
expression, protein localization and promoter assessment in various Actinobacterial 
strains: S. coelicolor, Streptomyces globisporus, Streptomyces lividans, Streptomyces 
ansochromogenes and Actinoplanes friuliensis (Sun et al. 1999; Rebets et al. 2005; 
Xie et al. 2007; Wagner et al. 2009). The main drawbacks of this system are photo-
bleaching and high background due to a high level of autofluorescence in mycelial 
Actinobacteria.

Another fluorescence protein, the monomeric red fluorescence protein (mRFP1), 
which is a derivative of a red fluorescence protein (DsRed) from Discosoma sp., was 
adapted for use in Actinobacteria (Nguyen et al. 2007). The main advantage of the 
RFP reporter system over EGFP is that most of the mycelial Actinobacterial strains 
pose a much lower level of autofluorescence. Two integrative vectors, pMU-2 and 
pMU-3, containing the promoterless mRFP gene are available for promoter and 
gene fusions (Nguyen et al. 2007). They differ from each other by the integration 
system into a chromosome. For example, pMU-2 utilises the φC31-based integrase, 
whereas pMU-3 integrates via the φBT1 phage integration system. The mRFP1 
protein was successfully applied for the investigation of cell type-specific gene 
expression and protein localization in S. coelicolor (Nguyen et al. 2007). The avail-
ability of two fluorescence reporters, EGFP and mFRP, enables their use in two- 
colour imaging and fluorescence resonance energy transfer (FRET).

A luciferase reporter system that is widely used for the temporal and spatial 
study of gene expression in prokaryotes has also been widely used in Actinobacteria 
(Schauer et al. 1988; Craney et al. 2007). The first luciferase reporter was developed 
based on the luxA and luxB genes from Vibrio harveyi encoding for the α- and 
β-subunits of a heterodimer luciferase enzyme. This enzyme catalyses the oxidation 
of long-chain aldehydes and reduced flavin mononucleotide (FMN) (FMNH2 + RC
HO + O2 = FMN + RCOOH + H2O + light) (Hastings and Gibson 1963). Because 
FMN is present in the cell, the only requirement for the system is the supplementa-
tion of the reaction mixture with long-chain aldehydes (n-aldehyde decanal). The 
latter can be added exogenously as a vapour and does not influence bacterial growth. 
The replicative pRS1105 vector contains the promoterless luxAB cassette and 
enables its use for transcriptional fusions. This vector was utilised for the assess-
ment of gene expression of various genes including bldA, sapA and endoH (Schauer 
et al. 1988; Sohaskey et al. 1992). The main drawback of the luxAB-based system is 
the necessity to add a substrate exogenously. Therefore, another luciferase system 
that utilises luxA, B, C, D and E genes from Photorhabdus luminescens was devel-
oped for use in Actinobacteria (Craney et al. 2007). The latter three proteins are 

5 The Genetic System of Actinobacteria



90

responsible for the production of a tetradecanal required for the reaction; therefore, 
there is no longer a need to supply it. The luciferase system has no background 
luminescence and is very sensitive. In addition, the enzyme is rapidly degradable, 
which allows the temporal investigation of gene expression, and it is tolerant to gene 
fusions; consequently, a spatial assessment of proteins is also possible. The main 
disadvantage of this system is the complexity of the enzymatic reaction and its 
dependence on fatty acid pools, which vary under different growth conditions.

Recently, an additional reporter system based on RppA from Sacch. erythraea 
was developed for mycelial Actinobacteria (Magdevska et al. 2010). RppA codes 
for the type III polyketide synthase that is responsible for the production of 
1,3,6,8-tetrahydroxynaphthalene, which spontaneously oxidises to a dark-red qui-
none flaviolin and provides a visual assessment of gene expression and a quantita-
tive spectrophotometric measurement. The system proved to be efficient and 
applicable to a wide range of Streptomycetes strains: S. coelicolor and three indus-
trially important species including Streptomyces tsukubaensis, Streptomyces cin-
namonensis and Streptomyces rimosus. However, the main drawback of the system 
is the low sensitivity and dependence on the pool of malonyl-CoA in the cell.

The amy gene from S. griseus coding for α-amylase that is involved in starch 
digestion was adapted for use as a reporter in Nocardia strains (Chary et al. 1997). 
It is easy to determine its activity on solid agar plates based on the appearance of the 
starch digestion zones and in liquid culture by spectrophotometric assays. The Amy 
reporter system was used for the assessment of promoter activity in the cephamycin 
gene cluster (Chary et al. 1997). Despite the ease of the use and analysis of this 
reporter, its main drawback is low sensitivity in comparison with the other reporter 
systems, for instance, to the Gus system.

Several reporter systems based on neomycin or chloramphenicol resistance 
genes were previously developed for Actinobacteria (Cadenas et al. 1991; Hodge 
et al. 1995). The major drawback of these systems is low sensitivity, and thus, it is 
impossible to use them in quantitative assays. This is also a problem for the xylE- 
based reporter from Pseudomonas putida, which encodes catechol 2,3-dioxygenase 
(Ingram et al. 1989), and melC from Streptomyces glaucescens, which codes for the 
tyrosinase operon involved in the biosynthesis of melanin (Paget et al. 1994).

5.4  Vectors for Mycelial Actinobacteria

Molecular genetics approaches provide information regarding gene function, mor-
phological differentiation, secondary metabolite production and the regulation of 
these processes and metabolic flux. This information could be used in metabolic 
engineering and biotechnology for rational strain improvement and drug discovery. 
The great variety of shuttle vectors provides an opportunity to integrate, delete or 
overexpress regions of the DNA of interest in Actinobacteria. There are three major 
types of vectors that are used for mycelial Actinobacteria: suicide vectors that can 
integrate into the genome by homologous recombination and might be used for gene 
inactivation; replicative vectors that contain the appropriate actinobacterial origin of 
replication and can thus be autonomously maintained in a cell; and integrative 
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vectors that site-specifically integrate into a genome using bacteriophage’s integrase 
systems (Table 5.3, Fig. 5.1).

Non-replicative vectors (Fig. 5.1) are widely used for gene deletions and gene 
replacement experiments. Among the most popular suicide vectors for mycelial 

Table 5.3 Vectors for mycelial Actinobacteria

Plasmid
Size, 
kb Description Source

Suicide

pOJ260 3.5 AmR, rep pUC, RK2 oriT Derivative of pKC787

pKC1138 6.6 AmR, xylE, rep pUC, RK2 oriT Derivative of pOJ260 
with the deletion of 
Kpnl to Spel sites

pKC1132 3.5 AmR, rep pUC, RK2 oriT Derivative of pHJL401

pKC1250 3.8 SpR, rep p15A, RK2 oriT Derivative of pKC978

pSET151 6.2 ThioR, ApR, xylE, rep pUC, RK2 oriT Derivative of pHJL401

Replicative

Derivatives of pIJ101, high copy number

pIJ101 8.83 ori of replication in Streptomyces, tra 
locus, sti locus, korA repressor, oriT, 
kilA, kilB

Plasmid from 
S. lividans ISP5434

pHZ1358 8.26 ori of replication in Streptomyces, tra 
locus, korA repressor, oriT, kilA, kilB

Derivative of pIJ101

pIJ102 4.0 ori of replication in Streptomyces, sti 
locus, kilA, kilB

Derivative of pIJ101

pIJ103 3.9 ori of replication in Streptomyces, sti 
locus, kilA, kilB

Derivative of pIJ101

pIJ104 4.9 ori of replication in Streptomyces, sti 
locus, kilA, kilB

Derivative of pIJ101

pIJ350 5.0 ThioR, ori of replication in 
Streptomyces, sti locus, kilA, kilB

Derivative of pIJ102

pIJ702 5.8 melC, ThioR, ori of replication in 
Streptomyces, sti locus, kilA, kilB

Derivative of pIJ350

pANT849 5.34 ThioR, snpA gene promoter, ori of 
replication in Streptomyces, sti locus, 
kilA, kilB

Derivative of pANT42

pSOK101 7.1 ori of replication in E. coli, AmR, 
ThioR, oriT RK2, ori pOJ101

Derivative of pWHM3

Medium to low copy number

pKC1139 6.5 ori pUC, ori pSG5, lacZα, AmR, oriT 
RK2,

Derivative of pOJ260

pKC1218 5.8 ori pUC, ori SCP2*, lacZα, AmR, oriT 
RK2

Derivative of pOJ260

pKC1218E 6.0 ori pUC, ori SCP2*, lacZα, AmR, oriT 
RK2, ermEp*

Derivative of pOJ260

pOJ446 10.4 ori pUC, ori SCP2*, oriT RK2, AmR, 
cos sites (3)

Derivative of pKC505

(continued)
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Table 5.3 (continued)

Plasmid
Size, 
kb Description Source

pGM446 10.3 ori pUC, ori pSG5, ThioR, AmR, oriT, 
cos sites (3)

Derivative of pOJ446

Integrative

pSET152 5.5 ori pUC, φC31-based integrative 
vector, oriT RK2, AmR, lacZα

Derivative of 
pKC912A16

pOJ436 11.1 ori pUC, φC31-based integrative 
vector, oriT RK2, AmR, cos sites (3)

Derivative of pKC731

pOJ444 35.3 φC31-based integrative vector, oriT 
RK2, AmR, KmR, cos sites (3), loxP, 
P1 packing system, P1 replicon

Derivative of 
pNS582tetl4ADl0

pTO1 ori pBR322, φC31-based integrative 
vector, ApR, ThioR, ori RK2

pTES 5.9 ori ColE1, erythromycin gene 
resistance promoter (ermEp), AmR, ori 
RK2, φC31-based integrative vector, 
loxP sites for excision

Derivative of 
pSET152

pSTREPTOBAC5 16.0 ori pUC, AmR, φC31-based integrative 
vector, ori RK2

Derivative of 
pBACe3.6

pPAC-S2 22.5 ori pUC, neomycin resistance gene, 
ThioR, sacB, φC31- based integrative 
vector

Derivative of 
pCYPAC2

pRT801 5.2 φBT1-based integrative vector, ori 
pUC, oriT RK2, AmR, lacZα

Derivative of 
pSET152

pMS81 5.3 φBT1-based integrative vector, ori 
pUC, oriT RK2, HygR, lacZα

Derivative of pRT801

pMS82 5.3 φBT1-based integrative vector, ori 
pUC, oriT RK2, HygRR, lacZα

Derivative of pRT801

pSBAC 12.0 oriV and ori2 for replication in E. coli, 
repE, for copy number regulation; 
parA, B, C, for partitioning F plasmid 
DNA, AmR, ori RK2, φBT1-based 
integrative vector

Derivative of 
pCC1BAC

pKT02 6.07 ThioR, ApR, ori replication in E. coli 
φBT1-based integrative vector

Derivative of pIC20R

pSOK804 5.3 AmR, ori replication in E. coli, oriT 
RK2, φBT1-based integrative vector

Derivative of pKT02

pTOS 5.4 ori ColE1, AmR, ori RK2, rox sites for 
excision, VWB- based integrative 
vector

Derivative of 
pSOK804

pSAM 10.92 int and xis genes for integration and 
excision, rep gene for replication, tra 
and spd genes for plasmid transfer and 
spreading

Plasmid from S. 
ambofaciens 
ATCC15154

pPM927 13.0 ori pBR322, SpR, ThioR, oriT RK2, int 
and xis genes

Derivative of pSAM

pKU462 ori pMB1, TG1-based integration 
vector, KmR
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Actinobacteria are pOJ260, pSET151, pKC1132, pKC1138 and pKC1250 
(Table 5.3) (Bierman et al. 1992; Kieser et al. 2000). These vectors contain the RK2 
origin of transfer (Guiney and Yakobson 1983) and, thus, might be transferred into 
Actinobacteria strains via intergeneric conjugation with E. coli. They also contain 
an E. coli replication function from pUC (Yanisch-Perron et al. 1985), PA15 (Chang 
and Cohen 1978) or P1 (Sternberg 1990a, b) and, therefore, might be used for rou-
tine cloning in E. coli. For this purpose, they contain MCS within the lacZα gene 
that facilitates the easy detection of recombinant clones. Markers for selection in E. 
coli and Streptomycetes were incorporated into these vectors: pOJ260 (apramycin-
resistant gene, AmR), pKC1138 (AmR), pKC1132 (AmR) and pKC1250 (spectino-
mycin, SpR). The pSET151 vector contains the thiostrepton resistance gene for 
selection in Streptomycetes and ampicillin (ApR) for E. coli. Because these vectors 
are widely used for gene substitutions via homologous recombination, the xylE 
reporter gene from Pseudomonas was incorporated into pSET151 and pKC1138, 
which facilitates the selection of the clones with the second crossover event. 
Colonies that contain the integrated vector will produce yellow pigment after the 
conversion of the colourless substrate catechol into hydroxymuconic semialdehyde 
(Ingram et al. 1989), whereas clones that lose the vector backbone, and conse-
quently xylE, will stay uncoloured.

a

c

b
MCS MCS

MCS

Suicide vector Replicative vector

Integrative vector

oriV E. coli

oriV E. coli

oriV E. coli

oriT RK2 oriT RK2

oriT RK2

ori streptomyces

Integrase attP

AR

AR

AR

lacZa

lacZa

lacZa

Fig. 5.1 Schematic representation of vectors used in genetics of mycelial Actinobacteria. (a) 
Suicide; (b) replicative; (c) integrative. AR antibiotic resistance marker, lacZα gene that encodes 
β-galactosidase, ori origin of replication, oriT origin of conjugal transfer, MCS multiple cloning 
sites, attP integrase recognition sites
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There are many replicative plasmid vectors (Fig. 5.1) known and used for Gram- 
negative bacteria and low GC content Gram-positive bacteria; however, an absolute 
majority of them cannot be maintained in mycelial Actinobacteria, especially 
Streptomycetes. Therefore, all of the replicative vectors carry the origins of replica-
tion from native plasmids isolated from Actinobacteria. There are several low- and 
high-copy number vectors for these bacteria (Table 5.3). pIJ101 is an autonomous 
8.83 kb plasmid from S. lividans ISP5434 that exists at 40–300 copies per chromo-
some, which is the highest natural copy number described so far for Actinobacteria. 
It contains a Streptomycetes origin of replication; the tra locus, which is essential for 
plasmid transfer between Streptomycetes; the sti locus, which confers strong incom-
patibility (causes the accumulation of single-strand plasmids in the host); the korA-
encoding repressor for tra; clt–cis-acting transfer function (probably oriT); kilA, 
which is the promoter and aminoterminal region of tra; and kilB, which is the lethal 
gene when expressed in the absence of korB (a regulator for kilB) (Kieser et al. 2000). 
The deletion of the 574 bp DNA region containing the sti locus from pIJ101 yielded 
a highly unstable plasmid pHZ1358, which is widely used for targeted gene disrup-
tion and replacement experiments in many Streptomyces, as well as Actinoplanes 
hosts (Sun et al. 2002; Enríquez et al. 2006; Truman et al. 2008). Several derivatives 
of pIJ101 lacking the region for conjugation transfer, pIJ102 (4.0 kb), pIJ103 (3.9 kb) 
and pIJ104 (4.9 kb), have been described. These plasmids naturally occur in the S. 
lividans strain and have been used for the construction of the first generation of 
Actinobacteria replicative vectors. For example, pIJ350 is a derivative of pIJ102 that 
contains the thiostrepton resistance marker obtained from S. azureus (Kieser et al. 
1982). Based on pIJ350, the pIJ702 vector, one of the most widely used derivatives 
of the pIJ plasmids family, was generated after the incorporation of the tyrosinase 
gene (mel) from S. antibioticus (Katz et al. 1983). The regulatory region of the mel 
gene has three unique sites for the SstI, BglII and SphI restriction endonucleases, 
which permits the easy recognition of colonies containing the insertion of the DNA 
of interest and is thus unable to convert tyrosine into the black pigment melanin. The 
main drawback of the pIJ vectors described above is that they do not contain the  
E. coli origin of replication; consequently, manipulations in this strain are impossi-
ble, and all constructions should be performed in S. lividans, which is very compli-
cated. Another disadvantage is that they can be transferred into Actinobacteria by 
protoplast transformation (the efficiency can reach up to 5 × 106 transformants per 
mg of DNA), which is a laborious procedure that very often has not been established 
for non-model strains. Despite these drawbacks, the pIJ702 vector was successfully 
utilised in many Streptomyces strains and A. orientalis and Thermomonospora fusca 
(Matsushima et al. 1987; Pidcock et al. 1985). Given the high copy number of this 
plasmid, numerous genes were overexpressed in S. lividans and some other actino-
bacterial strains, which provided high yields of the product of interest, for instance, 
xylanase, which is an enzyme that is useful in the degradation of some industrial and 
agricultural wastes (Iwasaki et al. 1986; Mondou et al. 1986).

Using the pIJ101 origin of replication, the high-copy number expression vector 
pANT849 was constructed (Table 5.3). pANT849 contains the thiostrepton resis-
tance gene and the snpA protease gene promoter that is regulated by SnpR 

H. Lilya and L. Andriy



95

(Lampel et al. 1992). It was shown that the expression of the reporter protein from 
this promoter was 50 times higher than that from the melC1 promoter. These vectors 
were used for the expression of genes in S. lividans (Dickens and Strohl 1996; 
Dickens et al. 1996). Another vector with the ori pIJ101 is pSOK101, which also 
contains the E. coli origin of replication and might be used for gene cloning in E. 
coli (Zotchev et al. 2000). This vector also has apramycin and thiostrepton resis-
tance genes and the RK2 origin of conjugal transfer, oriT. It was applied for the 
gene expression in Streptomyces; however, this multicopy origin appeared to be 
non-functional in Actinoplanes (Horbal et al. 2012). Four other widely used vectors 
with the ori pIJ101 replicon are pUWL218, pUWL219, pUWL-SK and pUWL-KS 
(Wehmeier 1995). They contain the ampicillin and thiostrepton resistance genes for 
selection in E. coli and Streptomyces, respectively, the ColE1 origin of replication 
in E. coli, the lacZ gene for the blue-white selection of recombinant plasmids and 
MCS with a number of unique cloning sites.

The most widely used medium- to low-copy number replicative vectors are 
pKC1139, pKC1218, pKC1218E and pOJ446 (Table 5.3). The pKC1139 vector is a 
derivative of pOJ260 (Bierman et al. 1992). It was obtained via the cloning of the 
temperature-sensitive replicon ori pSG5 of S. ghanaensis from pSW344E. This vector 
contains a pUC origin of replication in E. coli, lacZα with multiple cloning sites, an 
apramycin resistance gene (aac(3)IV) and the RK2 origin of conjugal transfer (oriT). 
It occurs at a copy number of 20–50. Due to the presence of the thermo- sensitive ori 
pSG5, the replication of the plasmid is impaired at temperatures >34°C. This vector 
was efficiently used for transposon delivery, the inactivation of genes via homologous 
recombination, complementation and gene overexpression (Ikeda et al. 1993; Horbal 
et al. 2010, 2014a; Ostash et al. 2009, 2015; Li et al. 2010; Myronovskyy et al. 2009). 
The main drawback of this vector is that ori pSG5 is not functional in some mycelial 
Actinobacteria; for instance, conjugal transfer of this vector was not possible for the 
known bottromycin producer S. sp. BC16019 (unpublished).

Plasmid pKC1218 was constructed via the insertion of the SCP2* replicon into 
pOJ260 (Larson and Hershberger 1984, 1986). It contains an E. coli origin of replica-
tion, the lacZα gene, multiple cloning sites, the apramycin resistance gene marker and 
the RK2 origin of conjugal transfer oriT (Bierman et al. 1992). Thus, this plasmid can 
be transferred into Actinobacteria via conjugation. The derivative of pKC1218 was 
obtained via the insertion of a strong erythromycin gene resistance promoter (ermEp*) 
into the MCS region, which resulted in pKC1218E. However, one should consider the 
absence of the ribosomal binding site (RBS) after the promoter during the construc-
tion design. This vector was efficiently used in various Streptomycetes strains 
(Myronovskyy et al. 2009) and in Actinoplanes (Horbal et al. 2012). The cosmid vec-
tor pOJ446 contains the SCP2* replicon, the apramycin resistance gene, the RK2 
origin of conjugal transfer oriT and three cos sites and can accept DNA insertions up 
to 45 kb. This vector has been widely used for the cloning and expression of gene 
clusters in Streptomycetes (Cone et al. 1998; Gould et al. 1998). The derivative of 
pOJ446, pGM446, was used for expression in Micromonospora (Rose and Steinbüchel 
2002). Unlike pOJ446, it contains the pSG5 origin of replication and the thiostrepton 
resistance gene.
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The main drawback of the above-mentioned replicative vectors is that they 
require antibiotic selection to be stably maintained in the host cell. This is not fea-
sible for recombinant strains cultivated under industrial conditions. Therefore, there 
is a need for integrative vectors that site-specifically integrate into the chromosome 
and do not require selective pressure for maintenance in the cell. Site-specific inte-
gration has clear advantages for the integration via homologous recombination 
because it does not depend on the length of the homology arms and is much more 
efficient and stable. There are numerous integrative vectors developed for mycelial 
Actinobacteria, which utilise various integration phage systems (Table 5.3). These 
systems originate from temperate bacteriophages φC31, BT1, VWB, TG1 and μ1/6 
(Lomovskaya et al. 1971; Gregory et al. 2003; Anné et al. 1984; Farkasovská et al. 
2007; Myronovskyi and Luzhetskyy 2013; Baltz 2012). They utilise an integrase 
protein that belongs to the serine or tyrosine family of recombinases and catalyse 
recombination between attP (located on the vector) and attB (located on the chro-
mosome of bacteria) sites, resulting in the integration of the DNA of interest into the 
chromosome. The number of integrations into a chromosome depends on the quan-
tity of attB sites in the latter.

Vectors that utilise the integrative systems from the φC31 bacteriophage are the 
most widely used in the genetics of mycelial Actinobacteria. These include 
pSET152, pOJ436 and pOJ444 (Table 5.3). The pSET152 plasmid and the pOJ436 
cosmid contain MCS within the lacZα gene and the pUC origin of replication to 
enable cloning in E. coli, AmR and the RK2 origin of transfer oriT. In addition, the 
pOJ436 vector contains three cos sites for in vitro packaging into lambda phage 
(Bierman et al. 1992; Kieser et al. 2000). This cosmid can be used for cloning DNA 
fragments up to 45 kb. However, in the case of using the cosmid for the in vitro 
packaging into the lambda phage head, the size of the insertion should not exceed 
35 kb. The pOJ444 vector is designed to use a P1 packing system and thus it con-
tains a P1 packing site (pac) and two directly oriented loxP sites to cyclise the 
packed DNA once it is injected into E. coli expressing Cre recombinase (Nagy 
2000). In addition, it carries the neomycin resistance gene (neo) for selection, the 
φC31 integration system, the P1 replicon for maintenance in E. coli and the RK2 
origin of transfer. It was shown that the pOJ444 system can stably maintain up to 
100 kb fragments (Sternberg 1990a, b).

It is worth noting that pTES is another integrative vector for marker-free expres-
sion in Actinomycetes. It contains the ColE1 origin of replication in E. coli, the 
erythromycin resistance gene promoter (ermEp) for gene expression, AmR for 
selection, the φC31 integrase gene and the attP site and the RK2 origin of transfer. 
The integrase gene, the attP site and MCS are surrounded by the loxP sites. After 
the pTES plasmid with a gene of interest is integrated into a chromosome, its back-
bone containing ori ColE1, AmR, oriT and integrase can be removed after the 
expression of Cre (Herrmann et al. 2012). The vectors described above were suc-
cessfully used for expression, not only in Streptomyces but also in Actinoplanes, 
Actinomadura, Arthrobacter, Micromonospora, Nocardia, Rhodococcus and 
Nonomuraea (Voeykova et al. 1998; Stinchi et al. 2003; Li et al. 2003; Ha et al. 
2008; Horbal et al. 2012; Baltz 2012), which proves their wide utility.
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The pRT801 (Baltz 2012), pMS81 and pMS82 (Gregory et al. 2003) integrative 
vectors utilise an alternative integration system from bacteriophage φBT1. The 
number of integrations into the genome depends on the quantity of the respective 
attB site in the chromosome. These vectors are a good alternative for the φC31- 
based vectors, in the case if φC31-attB sites are not present in the genome. The 
pRT801 vector is a derivative of pSET152, in which the attP/int-phiC31 locus was 
substituted with the attP/int-phiBT1 fragment. In addition, this vector contains the 
AmR gene, the origin of conjugal transfer, MCS and the origin of replication in E. 
coli. The pMS81 and pMS82 vectors are derivatives of pRT801 that contain the 
hygromycin resistance gene instead of apramycin. The utility of the described vec-
tor molecules was previously shown in various Streptomycetes strains: S. fradiae, S. 
avermitilis, S. venezuelae, S. ghanaensis and S. nogalater.

The pTOS (Herrmann et al. 2012), pKT02 (Van Mellaert et al. 1998) and 
pSOK804 (Sekurova et al. 2004) vectors utilise an integration system that originates 
from the VWB bacteriophage. The VWB integrase belongs to the tyrosine recombi-
nase family. The pKT02 vector contains the backbone of the pIC20R and the thio-
strepton resistance gene for selection in Streptomycetes. However, this plasmid does 
not contain the origin of conjugal transfer; therefore, it can be delivered into 
Streptomycetes cells only by protoplast transformation. The efficiency of the latter 
procedure is much lower in comparison with conjugation. The pSOK804 vector was 
constructed via the ligation of the 2.3 kb SphI/HindIII fragment from pKT02 to a 
3.0 kb SphI/HindIII fragment of pSET152. Thus, it contains an origin of replication 
in E. coli, an origin of transfer that makes it more convenient than pKT02 and the 
AmR gene.

Recently, a marker-free expression integrative vector, pTOS, was constructed 
(Herrmann et al. 2012). It harbours the colE1 origin of replication in E. coli, the 
VWB int-attP system, the RK2 origin of transfer, the rox sites and the AmR gene. 
After the vector with the gene of interest is integrated into the chromosome of the 
strain, its backbone containing the resistance marker can be deleted upon the expres-
sion of Dre recombinase (Herrmann et al. 2012).

One more alternative is pSAM2, which is an integrative vector found in S. ambo-
faciens ATCC15154 (Kuhstoss et al. 1989). It contains the int gene, whose product 
resembles bacteriophages recombinases, the xis gene involved in plasmid excision, 
the attP site for integration, the rep gene for replication and the tra and spd genes 
that are responsible for plasmid transfer and spreading (Sezonov et al. 1995). The 
pPM927 vector is a derivative of the pSAM2 natural vector. It harbours the E. coli 
pBR329 replicon, the thiostrepton and spectinomycin resistance genes, an origin of 
transfer, the int and xis genes from pSAM2 and the thiostrepton-inducible promoter 
for gene expression (Smokvina et al. 1990). These vectors were successfully trans-
ferred into the following Streptomyces strains: S. ambofaciens, S. lividans, S. toyo-
caensis, S. hygroscopicus, S. avermitilis, S. aureofaciens, S. coelicolor and S. 
fradiae (Wang et al. 2009; Novakova et al. 2010; Zhao et al. 2010a; Liu et al. 2010).

The pKU462 integrative vector utilises the integration system from the temper-
ate bacteriophage TG1. It contains the pMB1 origin of replication in E. coli, a kana-
mycin resistance gene for selection, the int-attP system from TG1 and an origin of 

5 The Genetic System of Actinobacteria



98

conjugal transfer (Morita et al. 2009). It was previously used for the DNA integra-
tion in S. avermitilis (Jiang et al. 2009).

Plasmid and cosmid vectors have a loading capacity of 15 and 45 kb, respec-
tively. However, the size of many biosynthetic gene clusters for natural products is 
larger than the average insert size of a cosmid vector. Thus, to overcome this prob-
lem, bacterial artificial chromosomes (BACs) and P1-derived artificial chromo-
somes (PACs), which can carry large DNA inserts of 100–300 kb, have been used 
for mycelial Actinobacteria including pPAC-S2 (Sosio et al. 2000) and pSTREP-
TOBAC5 (Miao et al. 2005). They are replicative in E. coli and integrative in 
Streptomycetes. The integration at the attB site on the chromosome of Streptomycetes 
is mediated by φC31. pSTREPTOBAC5 is based on the E. coli F factor (Alduina 
and Gallo 2012). It contains the RK2 origin of conjugal transfer, the AmR gene and 
the φC31-attP integration system. The pPAC-S2 harbours an origin of replication in 
E. coli, neomycin and thiostrepton resistance genes, the sacB gene that codes for 
levansucrase and converts sucrose to levan that accumulates in the cell periplasm 
and is toxic for the cell (Pelicic et al. 1996) and the φC31-attP integration system. 
These BACs were successfully used for the expression of different gene clusters 
(iso-migrastatin, daptomycin, meridamycin and tautomycetin) in a broad range of 
expression hosts: S. albus, S. avermitilis, S. coelicolor, S. lividans and Streptomyces 
sp. CK4412 (Komatsu et al. 2010; Tetzlav et al. 2006; Miao et al. 2005; Liu et al. 
2009; Penn et al. 2006).

Recently, the pSBAC vector utilising the φBT1-attP integration system was cre-
ated (Liu et al. 2009). It contains oriV and ori2 for replication in E. coli; the repE 
gene for replication and regulation of its copy number; and parA, B and C for parti-
tion to daughter cells during division and to ensure the stable maintenance of BAC, 
AmR, the RK2 origin of transfer and the φBT1-attP integration system. This BAC 
was previously utilised for the heterologous expression of tautomycin (Nah et al. 
2015) and meridamycin gene clusters (Liu et al. 2009).

5.5  Genetic Toolkit for the Manipulation of Mycelial 
Actinobacteria

At least one-third of the putative ORFs in the genomes of Actinobacteria have no 
assigned function, and their role is unknown. Currently, our understanding of their 
function and interaction is far from complete (i.e. it is in the “infant” stage). Different 
molecular genetic tools were developed to study gene functions, to perform genome 
rearrangements in Actinobacteria and to activate silent gene clusters. Here, we pres-
ent some of the recently developed techniques. For more detailed information, we 
refer the reader to several reviews that provide comprehensive insights (Herrmann 
et al. 2012; Baltz 2012; Myronovskyi et al. 2013; Bilyk and Luzhetskyy 2016). Site- 
specific recombination techniques (SSR); marker-free excision systems; pro-
grammed endonucleases, such as Cas9; transposon mutagenesis; and various 
controlling elements have been developed for mycelial Actinobacteria.
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5.5.1  Site-Specific Recombination Tools

Site-specific genome recombination tools have been described for various bac-
teria, including Gram-positive and Gram-negative bacteria, and they represent a 
powerful toolkit for genome manipulations. The most widely used enzymes are 
the Cre recombinase from the P1 phage, the Flp recombinase from Saccharomyces 
cerevisiae and the Dre recombinase from D6 phage. All three belong to a class 
of tyrosine recombinases and share a common reaction mechanism of recombi-
nation that involves strand cleavage, exchange and ligation (Sadowski 1995). In 
addition, they recognise short target sequences in the genome and perform bidi-
rectional recombination, which results in the excision, inversion or integration 
of the DNA region depending on the orientation of the target recognition sites 
(Fig. 5.2). After the DNA excision, one recognition site remains in the genome 
that precludes the iterative use of these systems due to possible unwanted 
genome rearrangements. The successful application of these recombinases for 
genome engineering in different organisms including pro- and eukaryotes is due 
to their simplicity and high efficiency. All three enzymes do not require any 
cofactors for the reaction, and their target sites are well established and small 
enough to be easily introduced into any region of interest. Currently, the main 
applications of SSR technologies are for the construction of unmarked mutants 
(Suzuki et al. 2005), the marker-free expression of foreign genes (Schweizer 
2003), the deletion of large DNA segments (Suzuki et al. 2005), the targeting of 
heterologous DNA into the chromosome (Kuhstoss et al. 1991) and the in vivo 
cloning of DNA regions (Schweizer 2003).
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Fig. 5.2 Schematic depiction of reactions catalysed by recombinases. (a) Excision; (b) inversion; 
(c) integration. Recognition sites are denoted as blue triangles
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One of the first and most widely used SSRs is Cre. It recombines DNA at two 
34 bp recognition sites named loxP (locus of crossover (x) in P1) (Hoess et al. 
1982). The loxP sequence consists of two 13 bp inverted repeats linked together by 
an 8 bp internal region. The first report of the application of Cre recombinase in 
Streptomycetes occurred in 2006 from the laboratory of M. Smith (Khodakaramian 
et al. 2006). The efficiency of the resistance marker excision was 60–90%. However, 
this system has not acquired wide applicability, which is probably because of the 
inconvenience of the method for the cre gene delivery. Afterwards, the codon- 
optimised version of the cre gene was created and efficiently utilised for marker 
removal in various Actinobacteria including Streptomyces, Micromonospora, 
Kitasatospora and Saccharothrix (Fedoryshyn et al. 2008a; Herrmann et al. 2012; 
Siegl and Luzhetskyy 2012; Lopatniuk et al. 2015). The efficiency of marker 
removal was close to 100% in all of the tested strains. Recently, it was shown that 
the Cre/loxP system can be used to perform large genome deletions up to 1.5 Mb 
(Komatsu et al. 2010). With the aim of the iterative use of Cre for marker excision 
and to minimise genetic instability, different heterotypic lox sites containing muta-
tions within the inverted repeats (loxLE and loxRE) were designed and used in 
plants and mammals (Branda and Dymecki 2004; Leibig et al. 2008). However, we 
showed that Cre recognises the double-mutated site at a very high frequency in 
Actinomycetes. Thus, the risk of undesired genome rearrangements is very high if 
Cre is iteratively used in combination with loxLE and loxRE (Herrmann et al. 2012).

Flp is an alternative tyrosine recombinase that recognises defined 34 bp target 
sites named FRT (Flp recombinase recognition target). They consist of two 13 bp 
palindromic sequences separated by an 8 bp spacer region. The efficient expression 
of the flp synthetic gene with GC content optimised for Streptomyces was recently 
reported in different Actinobacteria, namely, S. coelicolor M145, S. lividans TK24 
and Saccharothrix espanaensis (Fedoryshyn et al. 2008b; Herrmann et al. 2012). 
However, the frequency of frt-flanked resistance gene excision from the chromo-
some of actinomycetes ranged from 10 to 40%, which is significantly lower in com-
parison with Cre.

One more SSR recently established for use in Actinobacteria is Dre. Dre cataly-
ses recombination between two 32 bp rox sites (region of crossover (X-over)) (Sauer 
and McDermott 2004). A functional expression of the synthetic dre gene with the 
codon usage optimised for Streptomycetes was performed in different Actinobacteria, 
namely, the Saccharothrix, Streptomycetes and Micromonospora genera (Herrmann 
et al. 2012). The important feature of the above-mentioned recombinases is their 
heterospecificity: Cre does not catalyse recombination at rox and frt sites, FLP does 
not catalyse recombination at lox and rox sites, and finally, Dre does not catalyse 
recombination at lox and frt sites. Thus, together, they represent a compatible SSR 
toolkit and might be used simultaneously in the genetic background of the same 
strain for different purposes.

Another marker excision system utilises the products of the int and xis genes 
from the pSAM2 vector and catalyses marker removal from the genome via recom-
bination between the attL and attR sites. Several cassettes containing an antibiotic 
resistance marker surrounded with the attL and attR sites have been constructed and 
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efficiently utilised for Streptomycetes (Raynal et al. 2006). In summary, Cre, Flp, 
Dre and Int/Xis SSR systems might be used for the deletion of at least four antibi-
otic markers in the genetic background of a single strain.

5.5.2  Iterative Marker-Free Excision System

All of the above-described marker-free excision recombinases are susceptible to the 
same problem: they cannot be used iteratively because they leave an active recogni-
tion site in the genome. However, projects on strain improvement require the manip-
ulation of dozens or hundreds of loci that will lead to genome minimization, the 
improvement of precursor supply and cluster activation. Thus, there is a need for a 
system that will not leave an active recognition site on the chromosome and might 
thus be used iteratively for genome editing purposes. This type of system was 
recently created. It utilises φC31 integrase and its mutated att sites and is called an 
iterative marker-free excision system (IMES) (Myronovskyi et al. 2014). The sys-
tem can efficiently delete DNA regions that are located in between the inversely 
oriented B-CC and P-GG sites (Fig. 5.3). These sites are derivatives of attB and attP 
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by the substitution of the central core TT dinucleotide with CC and GG. The RR site 
that evolves as a result of deletion is a joining product of the right shoulders of 
B-CC and P-GG. It was reported that RR sites do not recombine between one 
another, and the recombination efficiency between RR and P-GG or RR and B-CC 
is lower than 0.1 and 1%, respectively. Therefore, IMES might be used for the edit-
ing of multiple genomes without the risk of unwanted genome perturbations. Several 
cassettes carrying apramycin, spectinomycin or hygromycin resistance genes sur-
rounded with P-GG and B-CC sites were created and successfully applied for gene 
and DNA fragment deletions (Fig. 5.3). One siderophore cluster and two terpenoid 
clusters that have a size of less than 10 kb, as well as one non-ribosomal peptide 
gene cluster whose size exceeds 60 kb, were easily deleted using this system from 
the chromosome of S. albus J1074 (Myronovskyi et al. 2014). The efficiency of 
even a large fragment excision is 100%. In general, this system is easier to use than 
Cre/loxP because the deletion of a DNA fragment of interest might be performed in 
two steps, and there is no need for additional vectors for recombinase expression 
because all of the components of the system are located in cis.

5.5.3  Transposon Mutagenesis in Mycelial Actinobacteria

The huge amount of genetic information that results from next-generation genome 
sequencing programmes requires methods that will provide the opportunity (rela-
tively quickly) to identify the role of the thousands of genes in a microbial life cycle. 
Transposon mutagenesis is a valuable tool for deciphering gene function and the 
genetic analysis of strains, generating gene–operon fusions to a reporter, providing 
physical or genetic landmarks for the cloning of adjacent DNAs and locating primer 
binding sites for DNA sequence analysis (Damasceno et al. 2010; Petzke and 
Luzhetskyy 2009; Weaden and Dyson 1998). Transposon mutagenesis is widely 
used for both Gram-positive and Gram-negative bacteria (Gehring et al. 2000; 
Goryshin et al. 2000; Grabher and Wittbrodt 2008).

Several attempts were made to establish a transposon mutagenesis technique for 
mycelial Actinobacteria. One of the first was the Tn4556 transposon that belongs to 
the Tn3 family and was originally isolated from Streptomyces fradiae. Derivatives 
of this transposon, Tn4560 and Tn4563 (Chung 1987; Schauer et al. 1991), with 
viomycin and lincomycin resistance genes, respectively, were created and used for 
in vivo mutagenesis in S. coelicolor and S. avermitilis. However, their random trans-
position occurs only at temperatures of 37°C or higher (Ikeda et al. 1993). IS493 (a 
class I insertion sequence) found in S. lividans and its derivative Tn5096 containing 
apramycin resistance gene aac(3)IV were developed for mutagenesis in Streptomyces 
spp.; however, they have a strong insertion bias into DNA regions with low G/C 
content (Solenberg and Baltz 1991). A derivative of the Tn5 transposon, Tn5493, 
was applied for transposon mutagenesis in S. lividans; however, its efficiency in 
other Streptomycetes was very low (Volff and Altenbuchner 1997). An improved 
version of the Tn5 transposon was successfully developed for Actinobacteria 
(Petzke and Luzhetskyy 2009). This version of the transposon contains optimised 
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Tn5 mosaic end sequences (ME) and the GC-rich synthetic tnp(a) gene that encodes 
a hyperactive transposase, which binds more efficiently to the transposon ends and 
performs transposition using a “cut and paste” mechanism (Steiniger et al. 2006). 
An apramycin resistance gene and the R6K origin of replication, which allows the 
easy cloning of the insertion site directly from the chromosome, are located in 
between the ME sequences (Fig. 5.4). This system was successfully applied to sev-
eral Streptomyces strains, namely, S. coelicolor, S. lividans, S. albus, S. globisporus 
and S. fradiae (Petzke and Luzhetskyy 2009; Horbal et al. 2013a, b). The insertion 
frequency for the Tn5 derivative is 98% of the transformed S. coelicolor cells. A 
minor drawback of this system is that Tn5 transposon insertions are slightly biased 
to GC-rich sequences (Fernández-Martínez et al. 2011). To overcome gaps in chro-
mosome coverage attributed to insertion site biases, another system based on the 
mariner himar1 transposon, which requires the presence of a TA dinucleotide for 
insertion, might be used. This system utilises the synthetic GC-rich himar1 trans-
posase gene and inverted terminal repeats (ITRs). Several vectors, pHAH, pHTM, 
pHSM and pHAM, containing all of the elements that are necessary for transposi-
tion, were created (Bilyk et al. 2013). First, three plasmids contain the temperature- 
sensitive replicon ori pSG5, and they can thus be easily lost after mutagenesis in 
non-permissive conditions. The pHAM vector does not contain the origin of repli-
cation for Streptomycetes; therefore, all of the colonies obtained after conjugation 
are already transposon mutants. The advantage of this system is that there is no need 
to get rid of the plasmid. In addition, mini-transposons are equipped with the loxP 
or rox sites that allow the excision of the resistance marker using Cre or Dre 

ME

ME

ME or/RK6

or/RK6

or/RK6

or
/R

K
6

tnp

tnp

tnp

ME

MEME

M
E

M
E

Donor DNA

Donor DNA

Donor DNA

Target DNA

AM
R

AM
R

AM
R

A
M

R

Fig. 5.4 Schematic 
representation of 
transposon integration into 
the chromosome using 
copy and paste mechanism

5 The Genetic System of Actinobacteria



104

recombinases and their further utilisation in the same genetic background. The 
Himar1 transposon was successfully applied for transposon mutagenesis in S. coeli-
color and S. albus (Bilyk et al. 2013).

Recently, the mini-transposon encoding apramycin resistance gene aac(3)IV, 
within its inverted repeats (IRs) boundaries and utilising the IS204 transposase from 
Nocardia asteroides YP21, was adopted for efficient mutagenesis in Streptomycetes 
(Zhang et al. 2012). All of the elements necessary for transposition are located on 
the pDZY101 plasmid that has only an E. coli origin of replication, and after conju-
gal transfer, all of the colonies are transposon mutants. This system is characterised 
by the random distribution of insertions and genetic stability.

5.5.4  Programmed Endonucleases, Cas9

Conventional gene editing in mycelial Actinobacteria is based on homologous 
recombination (HR) and utilises suicide or replicative vectors. However, in most 
cases, this is a cumbersome and time-consuming procedure because the efficiency 
of HR is rather low, depends on the length of the homology arms and varies from 
strain to strain. The efficacy of HR might be improved via the introduction of 
double- strand DNA breaks (DSBs) into the DNA region of interest. DSBs can be 
repaired in two ways. In the presence of the homology template, the ends can be 
efficiently joined by homologous double-crossover recombination (Fig. 5.5). If 
there is no homology template available, then DSBs can be repaired via non- 
homologous end joining (NHEJ) (Fig. 5.5) (Pastwa and Błasiak 2003). This is a 
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highly error-prone process that leads to indels (insertion and deletions) and might 
thus be used for gene disruption.

There are several known mega-endonucleases that can introduce DSB into 
DNA, and they are SceI and DmoI. The former was adopted for use in 
Streptomycetes (Siegl et al. 2010). However, the main drawback of SceI and DmoI 
is that they are sequence dependent; they recognise an 18 bp specific sequence 
and then introduce a DSB. Therefore, to perform a DSB using SceI, there is first 
the need to introduce its recognition site into the region of interest, which is not 
convenient. Consequently, there was a need for programmed endonucleases that 
can target any region of interest on the chromosome. There are several pro-
grammed endonucleases including transcription activator-like effector nucleases 
(TALENs ), zinc finger proteins and CRISPR-Cas9 that were developed for pro-
karyotes, mammals and yeast (Boissel et al. 2014; Porteus and Carroll 2005; 
Kennedy and Cullen 2015). Currently, the most widely used and popular is the 
CRISPR-Cas9 system due to its high efficacy, simplicity in use and programming. 
Recently, this system was adopted for Streptomycetes as well (Cobb et al. 2015; 
Huang et al. 2015; Tong et al. 2015; Zeng et al. 2015). It utilises the Cas9 protein 
from Streptococcus pyogenes. The CRISPR-Cas9 system requires three compo-
nents to perform DSBs in DNA. These are the Cas9 protein that contains two 
nuclease domains, CRISPR RNA (crRNA) that contains the target sequence (an 
average of 20 bp long) and is fused to tracRNA that is always the same and is 
needed to form a complex with the Cas9 protein and a protospacer adjacent motif 
(PAM) NGG (where N is any nucleotide) that should be located adjacent to the 
3′-end of target sequence on chromosomal DNA (Fig. 5.5). The CRISPR-Cas9 
system that utilises NHEJ for genome editing also contains the LigD protein that 
is an ATP-dependent DNA ligase (Pastwa and Błasiak 2003). Three different vec-
tors with the CRISPR-Cas9 system were developed and applied for rational 
genome editing in S. coelicolor, S. lividans, S. pristinaespiralis and S. viridochro-
mogenes. All of the systems perform gene or cluster deletions with 70–100% 
frequency in the presence of homology templates. The simultaneous targeting of 
several genes also proved to be efficient (Cobb et al. 2015; Huang et al. 2015). In 
the absence of a template for homology-directed repair, the DNA region of inter-
est is repaired via NHEJ that leads to a library of mutants with deletions of vari-
able size around the targeted sequence (Fig. 5.5) (Tong et al. 2015). Furthermore, 
the efficiency is lower and strongly depends on the sequence of crRNA.

The main drawback of the CRISPR-Cas9 editing tool, not only in Streptomyces 
but also in E. coli, yeast and mammals, is a relatively high level of off-target effects. 
Based on a catalytically dead variant of Cas9, a system named CRISPRi was con-
structed for the precise and reversible control of gene expression (Fig. 5.5) (Tong 
et al. 2015). In summary, RNA-guided DNA editing technology CRISPRs/Cas9 
might be applied to introduce double-strand breaks into genomes and to direct 
subsequent site-specific insertions/deletions or the replacement of genetic material 
with high efficiency and relative ease in various Streptomycetes. This system opens 
new horizons for rational genome engineering and strain improvement in 
Actinobacteria.

5 The Genetic System of Actinobacteria



106

5.5.5  Controlling Elements for Transcription Regulation

Genetic information in the cell is transferred from DNA to RNA and to proteins via 
transcription and translation processes, respectively. Many structural elements, 
namely, promoters, ribosomal binding sites (RBSs), terminators and 5′- and 3′- 
untranslated regions (UTRs), influence the efficacy of these processes. In addition, 
a myriad of regulatory proteins and small non-coding RNAs (e.g. riboswitches and 
ribozymes) govern the expression of a gene. Thus, a precise understanding of the 
regulation of gene expression on the above-mentioned levels and the interaction of 
regulatory genetic elements is needed because this information will pave the way 
for the rational re-factoring of regulatory networks and secondary metabolite gene 
clusters with the aim of strain improvement and increased metabolite production. 
Regulation of bacterial gene expression on the level of transcription is the most 
relevant. Many efforts were made to engineer promoters that are able to control 
gene expression. Such promoters are supposed to trigger the expression of a variety 
of biosynthetic gene clusters unless they are silent under laboratory conditions. 
Usually, such clusters are organised into operons that control expression of genes to 
various levels and thus provide a balanced expression of different genes. Therefore, 
there is a need in the library of promoters with different strengths to fine-tune the 
expression of genes in clusters.

The transcription of a gene is performed by an RNA polymerase holoenzyme 
that contains five subunits, which constitute the core enzyme plus a sigma subunit 
that is responsible for the recognition and binding to the respective promoter 
(Murakami and Darst 2003). Different sigma subunits bind to corresponding pro-
moters and regulate their activity. There are 65 sigma factors in S. coelicolor, 
including housekeeping hrdB, which suggests that they play an important role in the 
regulation of gene expression. An analysis and comparison of 139 putative pro-
moter sequences in Streptomycetes revealed that at least 29 fall into a group and are 
similar to those recognised by eubacterial RNA polymerases containing σ70-like 
subunits because they contain the −35 hexamer (TTGACA) and the −10 hexamer 
(TATAAT), and the −10 and −35 hexamers of these promoters are 16–18 nucleo-
tides apart. Some of them, such as SEP2 (Jaurin and Cohen 1985), SEP3 (Jaurin and 
Cohen 1985), SEP6 (Jaurin and Cohen 1985), SEP8 (Forsman and Jaurin 1987) and 
pIJIOIA-p (Buttner and Brown 1987), were shown to be functional in E. coli (Strohl 
1992). The others contain a wide diversity of sequences. Some of them have simi-
larities in the −10 and −35 regions. The main features of these promoters are a very 
high GC content in comparison with E. coli promoters (57–62% versus 43%). In 
addition, the distance between the −10 and −35 regions is not necessarily in the 
range of 16–18 nucleotides. Thus, they are not expected to be functional in E. coli 
(e.g. ermEp) (Strohl 1992). Therefore, few heterologous promoters from other bac-
teria will be functional in mycelial Actinobacteria.

One of the first, most widely used and well-described constitutive promoters for 
Actinobacteria was the ermEp of the erythromycin resistance gene from Sacch. 
erythraea (Bibb et al. 1985). The region upstream of the erythromycin resistance 
gene contains two promoters: ermEp1 and ermEp2. Both promoters show 
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considerable similarity to the −10 sequence of the consensus prokaryotic promoter, 
whereas the −35 sequence shows greater variability. The spacing between the −10 
and −35 regions of ermEp2 is close to the optimal distance (17 bp); however, the 
distance in ermEp1 is 14 bp. The GC composition is 62% for ermEp1 and is 65% 
for ermEp2. Based on ermEp1, an enhanced version of the erythromycin promoter 
(ermEp*) was constructed via the deletion of 3 bp (TGG) in the −35 region. This 
promoter is characterised by a much higher transcription activity (Schmitt-John and 
Engels 1992). It was successfully used for the expression of genes and gene clusters 
in various Streptomycetes. The expression of the positive regulator ttmRIV under the 
control of ermEp* led to enhanced tetramycin production in S. hygroscopicus (Cui 
et al. 2015). Improved biosynthesis of 7α-methoxycephalosporin C in S. clavu-
ligerus was achieved after the overexpression of cmcI and cmcJ from ermEp* (Shao 
et al. 2014). Placing the aur1P regulator under the ermEp* promoter causes the 
overproduction of angucycline-like antibiotic auricin in S. aureofaciens (Novakova 
et al. 2011). Expression of the jadomycin gene cluster from the ermEp* promoter 
led to its overproduction in S. venezuelae (Zheng et al. 2007). The activation of 
pladienolide production in S. avermitilis was achieved via placing the pldR tran-
scriptional regulator under the control of ermEp* (Komatsu et al. 2010).

Another strong promoter (SF14p) developed for Streptomycetes possesses two 
times stronger activity than ermEp* and was obtained from the S. ghanaensis phage 
119 (Labes et al. 1997). In general, SF14p contains two tandemly arranged promot-
ers (14-lp and p14-11p) with overlapping and adjacent −10 and −35 regions, 
respectively, that are recognised by the major RNA polymerase enzyme but with 
different efficiency (Labes et al. 1997). However, despite its higher activity, this 
promoter did not find wide utility in Streptomyces genetics (for unknown reasons).

Based on the promoter of the kasO regulatory gene that encodes for the activator 
of a coelimycin P1 gene cluster in S. coelicolor A3, a new constitutive and highly 
active promoter kasOp* was constructed (Wang et al. 2013). This was achieved by 
the deletion of the operator-binding sites for ScbR1 and R2 upstream of the core 
region and a mutation in the internal ScbR-binding site. The kasOp* promoter 
showed higher activity than ermEp* and SF14p in the three streptomycetes hosts 
tested: S. coelicolor, S. venezuelae and S. avermitilis (Wang et al. 2013). This pro-
moter was applied for actinorhodin overproduction. Several attempts were made to 
utilise the promoters of some of housekeeping genes because in most cases, they 
should have a high level of activity; however, they might be susceptible to different 
internal and external signals in the cells (Rebets et al. 2014a).

To avoid or at least reduce the influence of host factors, promoters from differ-
ent organisms or semi- and synthetic elements might be used for gene expression 
regulation. Recently, a library of semi-synthetic constitutive promoters based on 
consensus −10 and −35 sequences of ermEp1 was created (Siegl et al. 2013). For 
this purpose, the nucleotides located upstream, in between and downstream of 
these sequences were randomly synthesised. As a result, promoters with a strength 
ranging from 2 to 319% in comparison with ermEp1 were obtained. The strongest 
promoter in the library is two times more active than ermEp1. These promoters 
were successfully applied for the creation of a library of inducible promoters 
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(Horbal et al. 2014a; Horbal and Luzhetskyy 2016) and for the activation of gene 
cluster expression (Myronovskyi et al. 2016).

Another collection of constitutive promoters was obtained through a randomiza-
tion of the spacer regions upstream, in between and downstream of the consensus 
−10 and −35 sequences of Streptomyces promoters belonging to the σ70-like family 
(Strohl 1992; Seghezzi et al. 2011). However, none of the obtained promoters 
exceeded the strength of ermEp1.

Constitutive promoters provide certain constant level of a gene expression in the 
cell. However, because metabolite of interest or its intermediates might be toxic to 
a bacterial cell, there is a significant demand in the ability to switch on a biosyn-
thetic pathway at a desired time point in the production process and repress it during 
biomass accumulation. Therefore, inducible expression systems are required to 
address this issue. In addition, a library of inducible promoters of various strengths 
is necessary to simultaneously modulate the transcription of many genes. Several 
inducible expression systems have been described for mycelial Actinobacteria 
(Holmes et al. 1993; Herai et al. 2004; Rodríguez-García et al. 2005; Rudolph et al. 
2013; Horbal et al. 2014a; Horbal and Luzhetskyy 2016; Wang et al. 2016). All of 
them utilise the common principle of gene regulation and are comprised of the fol-
lowing components: regulator (in most cases repressor, however, can be an activa-
tor), promoter with operator site for repressor or activator binding and inducer 
(Fig. 5.6). When inducer is absent in the cell, then repressor binds to the promoter 
region and in this way precludes the access of RNA polymerase; thus the transcrip-
tion is blocked. Upon adding the inducer, the latter interacts with the repressor and 
causes its dissociation from the promoter region (Fig. 5.6). As a result, RNA poly-
merase binds and performs transcription of gene of interest. In the case of activator, 
its binding recruits RNA polymerase to the promoter region or stimulates formation 
of the open RNA complex (Canals et al. 2012).
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Fig. 5.6 Schematic depiction of inducible system functioning based on repressor and its ligand
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Several inducible systems based on a repressor protein and respective promoter 
that is induced with tiny amounts of antibacterial agent were constructed for 
Actinobacteria. One of the first utilises TipA protein that belongs to the MerR fam-
ily of repressors, binds to the tipAp promoter and uses thiostrepton as an inducer 
(Holmes et al. 1993). Integrative and replicative vectors containing this inducible 
system were constructed to control gene expression (Smokvina et al. 1990; Takano 
et al. 1995). Another inducible system is based on TetR repressor from the Tn10 
transposon and uses anhydro- and tetracycline as inducers (Rodríguez-García et al. 
2005). Several inducible promoters were created via placing tetracycline operators 
in between, up- or downstream of the −10 and −35 consensus sequences of the 
ermEp1 promoter from Sacch. erythraea. The tcp830 promoter proved to be the 
most effective of the synthetic ones for providing strong promoter activity when 
induced and efficient repression. Recently, a new inducible system based on oxytet-
racycline responsive regulator OtrR, the otrO operator and the otrB promoter was 
constructed and named Potr* (Wang et al. 2016). It is characterised by the high level 
of induction and low level of leaky expression in the offstage. In addition, the Potr* 
promoter in the fully induced stage showed much higher level of activity than 
widely used constitutive promoters ermEp* and kasOp*. Finally, the Potr* expres-
sion system was applied to activate the expression of a silent jadomycin biosyn-
thetic gene cluster in S. venezuelae. Despite the quite high expression level and 
versatility of above-mentioned systems, the main drawbacks of all of them are a 
leakage in the offstage and utilisation of bioactive compounds as inducers that 
might influence physiology of the cell and cause unknown outcomes. In addition, 
application of such systems with the combination of described inducers in industrial 
strains is impossible. Thus, alternative systems that use not toxic, absolutely safe 
and cheap inducers are required as well. One of the first such systems was based on 
GylR repressor and the gylP1/P2 promoter and utilised glycerol as an inducer 
(Hindle and Smith 1994). However, this system is leaky and does not provide high 
level of expression, and in the case of the A. teichomyceticus strain, it provides con-
stitutive level of gene expression (Horbal et al. 2013a, b).

The PnitA-NitR system is based on expression mechanism of Rhodococcus rho-
dochrous J1 nitrilase, which is highly induced by an inexpensive and safe inducer 
ε-caprolactam (Herai et al. 2004). This system has proven to be tight and hyper- 
inducible, providing expression level higher than thiostrepton or tetracycline sys-
tems, as well as versatile, since it is functional in various Streptomycetes strains (S. 
coelicolor, S. avermitilis and S. griseus). However, NitR system appears to be per-
fect for protein overproduction from high-copy number plasmids; it did not gain 
wide application for the control of biosynthetic pathways and other purposes.

Recently, two new inducible systems that utilise inexpensive and safe inducers 
were reported (Horbal et al. 2014a). A cumate (p-isopropylbenzoic acid)-inducible 
gene switch that is based on the CymR regulator, the operator sequence (cmt) from 
the Pseudomonas putida cumate degradation operon and the P21 synthetic pro-
moter was developed for Actinobacteria. The resorcinol-inducible expression sys-
tem is composed of the RolR regulator and the PA3 promoter fused with the operator 
(rolO) from the Corynebacterium glutamicum resorcinol catabolic operon. Using 
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the gusA (β-glucuronidase) gene as a reporter, it was shown that these expression 
systems are tightly regulated and hyper-inducible (Horbal et al. 2014a). The activity 
of the uninduced promoters is low in both cases. The systems are also dose depen-
dent, which allows modulation of a gene expression even from a single promoter. In 
addition, the cumate system is versatile, given that it is functional in different 
Actinomycetes. Finally, a library of cumate-inducible promoters that allow fine-
tuning expression of several genes/operons within the clusters is available (Horbal 
and Luzhetskyy 2016).

In general, the common feature of most of the expression systems described 
above is that they are not orthogonal and transcription is driven with the host RNA 
polymerases, which govern expression of numerous genes in the cell. The only 
system that is completely orthogonal is based on T7 RNA polymerase (RNAP) and 
T7 promoter and is widely used for E. coli and some other bacteria (Equbal et al. 
2013; Drepper et al. 2005; Temme et al. 2012; Golomb and Chamberlin 1974). An 
advantage of T7 polymerase is that its promoters are completely inactive in the 
absence of the polymerase. In addition, this polymerase is characterised by a very 
high activity, elongating chains about five times faster than E. coli RNA polymerase 
(250 nucleotides per s compared with 50 in the case of E. coli), and can generate 
long mRNAs above 11 kb (Golomb and Chamberlin 1974; Studier and Moffatt 
1986). Furthermore, this polymerase is insensitive to rifampicin treatment; there-
fore, the synthesis of all RNA molecules, as a consequence of proteins in the cell, 
can be blocked with the exception of those transcribed by the T7 polymerase. Taking 
into account the advantages of this system, attempts to adopt this one for 
Streptomycetes were made as well. Two plasmids, one (pFXPtipAT7) carrying T7 
polymerase coding gene (codon optimised for expression in Streptomyces) under 
the control of thiostrepton-inducible promoter and the second one (pFX583) that 
contains neomycin resistance gene for selection and T7 promoter with MCS for 
cloning gene of interest, were constructed (Lussier et al. 2010). The efficacy of the 
system was demonstrated by overexpressing the xln2 gene that encodes truncated 
version of xylanase A. No xylanase activity was detected in the absence of the 
inducer indicating the tightness of the system. However, the amount of the protein 
produced in the onstage was relatively low in comparison with that what can be 
obtained with noninducible Streptomyces expression systems.

Recently, a novel scaffolding architecture of an inducible regulatory device, 
named dual control system, was developed for Actinobacteria (Fig. 5.7) (Horbal 
and Luzhetskyy 2016). This system is completely silent in the offstage and enables 
a gene expression control at both transcriptional and translational levels (Fig. 5.7). 
Several variants of dual control system were described. They are based on cumate 
or resorcinol switches that are responsible for the regulation of gene expression at 
the transcriptional level (Horbal et al. 2014a) and the theophylline riboswitch 
(Rudolph et al. 2013) or the hammerhead ribozyme (Horbal et al. 2014a) that gov-
ern translation initiation. These are the tightest systems that are created for 
Actinobacteria to date. These devices function as AND gates, which are completely 
silent in the absence of both inputs and, at the same time, are highly inducible when 
both are present simultaneously. The effectiveness of the cumate-riboswitch dual 
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control system for the control of toxic compound production (pamamycin) in 
S. albus was demonstrated. A complete silence of the system in the offstage gives 
an opportunity to turn on the production of a natural product of interest at certain 
time point, for example, in the case of toxic products, it might be after biomass 
accumulation. Such a programmed behaviour of the dual control system allows 
accurately to control biosynthesis even of toxic products and in this way overcome 
their toxicity for the cells.

 Conclusion
In summary, a new direction in the genetics of Actinobacteria has evolved that is 
called “genome mining” and provides access to silent secondary metabolite 
pathways that were not known before and might be the source of new and fasci-
nating natural products with unique structures and activities. Thus, there is a 
demand for reliable, bioinformatic-based analysis and prediction tools for poten-
tially interesting pathways for activation. Because in most cases, native produc-
ers are not amenable for genetic manipulations and to avoid complex regulatory 
networks that exist in the host cell, well-defined chassis strains and synthetic 
Biobricks (promoters, RBSs and terminators) are utilised for their heterologous 
expression. There are a number of potential surrogate hosts derived from well-
studied Streptomyces strains, such as S. lividans, S. coelicolor and S. albus, 

No inducer

Induction

Repressor

Promoter

Operator

Inducer 1

Inducer 2

Riboswitch

Transcription

No transcription

P
R
O

P

P

R

R O

O

Reporter

Reporter

No translation

No translation

30S

30S

3’

3’

5’

5’

AUG

AUG

RBS

RBS

Translation

OFF

OFF

ON

RNA
polymerase

RNA
polymerase

Fig. 5.7 Operation of dual control system based on transcriptional repressor and theophylline 
riboswitch that control translation. AUG start codon, 30S small subunit of ribosome, RBS ribo-
somal binding site

5 The Genetic System of Actinobacteria



112

or obtained from industrial producers. However, because of the diversity and 
complexity of natural compounds, even these highly productive hosts are not 
ideal and require rational multiple genetic modifications to obtain overproducers. 
Regardless, there is a large range of genetic engineering approaches, including 
ones that were not described above, for rational strain improvement and the 
genetic manipulation of Actinobacteria, although the simultaneous multiplex 
editing of their genomes is still a challenge. Thus, such techniques need to be 
established for mycelial Actinobacteria to accelerate rational strain improvement 
and gain access to new bioactive NPs. Another problem is the activation of the 
silent gene cluster that still requires tremendous and time-consuming efforts and 
is not 100% efficient because of unknown reasons. In general, the successful 
activation of gene clusters exceeds the simple substitution of native promoters 
with well-defined constitutive or inducible replacements. Therefore, a better 
understanding of the physiology of the strain, the biochemical mechanisms of 
compound biosynthesis and resistance, the metabolic flux of precursors, the tun-
ing of the gene and the protein expression levels is required to force the biosyn-
thesis of the compound of interest. It is clear that with the further development of 
functional genomics, metabolomics and systems, biology of mycelial 
Actinobacteria, together with other molecular biology and analytic techniques, 
will “decrypt the secrets” for turning on metabolite biosynthesis and will conse-
quently reveal a hidden wealth of fascinating chemical compounds that might be 
produced by these bacteria.
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6Ecology and Habitat Distribution 
of Actinobacteria
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6.1  Introduction

Following the pioneering research that revealed bioactive potential of Actinomycetales 
including the production of potent therapeutic agents such as the antibiotics 
(Waksman and Woodruff 1940), an intensive search for new and active isolates for 
this order of actinobacteria started throughout the world, and thousands of species 
were isolated and screened (Nolan and Cross 1988). Most of the isolation proce-
dures involved random approaches with large-scale, indiscriminate sampling of the 
environment and the subsequent screening of the isolates for detection of bioactive 
compounds for pharmaceutical and industrial use (Nolan and Cross 1988). While 
industrial bioactivity screening techniques became increasingly effective, the early 
approaches to the isolation of bioactive actinobacteria remained inadequate in terms 
of generation of sound understanding on the existence and the functional diversity 
of the actinofloral layers of microflora in their natural environments (Goodfellow 
and Williams 1983). However, with the advancements in the molecular biology field 
including the postgenomic tools, our eco-taxonomical understanding on microor-
ganisms is now moving into an advance level. This chapter will thus expand from 
the pre-genomic era studies and will provide an overview related to the generation 
of in-depth understanding on the true or transitory occurrence, diversity and eco-
functional roles of Actinomycetales in diverse habitats using powerful molecular 
tools.
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6.2  Actinobacteria in Natural and Man-Made Environments

Intraclass relatedness of the class actinobacteria currently reveals the presence of 
nine orders (refer to LPSN Bacterio.net, accessed 31-01-2017 at http://www.bacte-
rio.net/-classifphyla.html). In this chapter, “actinobacteria” will only refer to the 
“actinomycetes” covering the members of the order Actinomycetales in the histori-
cal sense. Again in this chapter, to accommodate the historical reasons, the order 
“Actinomycetales” will also include the newly created orders Frankiales, 
Geodermatophiales, Kineosporiales and Micrococcales (refer to LPSN Bacterio.
net, accessed 31-01-2017 at http://www.bacterio.net/-classifphyla.html) as they 
were part of this order until recently.

The members of the order Actinomycetales are found in many habitats ranging 
from terrigenous, marine, aquatic, tidal flat ecosystems (Stevens et al. 2007) to aer-
ial, extreme environments as well as in symbiotic associations with a variety of 
macroorganisms such as marine sponges, tunicates (Lee et al. 2001), ants (Poulsen 
et al. 2005) and termites (Kurtböke et al. 2015). Due to their hydrolytic abilities, 
they can contribute towards biodegradation of many recalcitrant compounds such as 
the ones associated with the faecal bacterial community of an African millipede 
(Oravecz et al. 2002). Examples include their ability to dissolve rubber gaskets in 
the water supply systems, grow in jet fuel tanks and stain plastics (Hedrick et al. 
1968; Lechevailer 1974, 1981). To be able to understand the existence of actinobac-
teria in natural environments, information on their dormancy, sporulation (see Chap. 
3 of this book) and the roles of their metabolites (e.g. antibiotics) produced in nature 
is also required. Early direct microscopic observations provided evidence on aerial 
mycelium formation and sporulation, mostly likely by streptomycetes in natural 
environments (Kubiena and Renn 1935; Starkey 1938; Erikson 1947a,b, b; Johnston 
and Cross 1976; Kalakoutskii and Agre 1976). Types of sporulation characteristics 
of actinomycetes in laboratory cultures were reported to be also observed in soil 
(Kalakoutskii and Agre 1976) (see Fig. 6.1 for the development of Micromonospora 
spores under laboratory cultivation on oatmeal agar. Note the transformation from 
smooth spore surface to warty one upon maturation).

a b

Fig. 6.1 Development of spores by a Micromonospora species (USC-5041) isolated in Sunshine 
Coast, Australia
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Microbial metabolites exhibit a wide range of biological activities such as 
defence, regulation and communication (Bérdy 2012), and in nature, they will only 
be produced after receipt of specific signals, such as from the environment (stress) 
or from surrounding microorganisms (symbionts or competitors) (Zhu et al. 2014). 
Antibiotic secretions were also reported to be linked to biofilm formation (De 
Carvalho and Fernandes 2010) as well as acting as signals that enable symbiotic 
relationships between different organisms (Zhu et al. 2014). Bacteria can also pro-
duce molecules that prevent the attachment, growth and/or survival of challenging 
organisms in competitive environments (De Carvalho and Fernandes 2010). 
Pleiotropic switching, the simultaneous expression of sporulation and antibiotic 
biosynthesis, was also related to the defence roles of antibiotics (Stone and Williams 
1992).

6.3  Actinobacteria in Terrestrial Habitats

Members of the order Actinomycetales constitute the significant component of soil 
microflora with viable counts over one million per gramme, although their numbers 
in waterlogged, anaerobic and acidic soils were reported to be lower (x102–103 per 
gramme dry weight of soil) (Goodfellow and Williams 1983). In relatively dry, 
humic, calcareous soils, actinobacteria, mostly the species of streptomycetes, form 
the dominant fractions of such soil microbiota (Goodfellow and Williams 1983). 
They are also found to be the constituents of litter, humus, dung, soil and even rock 
surfaces in greater numbers compared with the other natural environments they 
might be located (Cross 1981; Goodfellow and Williams 1983). They have also been 
associated in endophytic and actinorhizal relationships with plants as well as with 
mycorrhizae (Secilia and Bagyaraj 1987) and contributing significantly towards 
healthy plant establishments (for comprehensive review, see Lechevalier 1988).

Streptomycetes in soil were reported to be in dormant states in the form of 
arthrospores and chlamydospores that germinate in the occasional presence of 
exogenous nutrients. New spore formations were found upon rapid mycelia coloni-
zation of organic substrates (Lloyd 1969; Mayfield et al. 1972). Streptomycete 
spores can also be dispersed above the soil when soil aggregates are disturbed by 
rain or wind (Lloyd 1969), and within the soil, dispersal of these spores is affected 
by the movement of water and arthropods (Ruddick and Williams 1972). Conversely, 
non-spore-forming genera such as Arthrobacter were suggested to exist long peri-
ods as resting cocci (Luscombe and Gray 1974). Early studies using direct observa-
tions or homogenization methods indicated that dilution plate technique mostly 
revealed colonies of streptomycetes originating from spores (Goodfellow and 
Williams 1983; Lloyd 1969; Mayfield et al. 1972). Motile, peritrichously flagellated 
zoospores in sporangia on substrate mycelium for Actinoplanes species (Couch and 
Koch 1962; Higgins 1967; Kalakoutskii and Kusnetsov 1964; Willoughby 1976; 
Willoughby et al. 1972) as well as motile spores in vesicles for Pilimelia were also 
reported (Kane 1966). Motile cells of Actinosynnema pretiosum subsp. auranticum, 
a rare actinobacterial genus member, were also observed (Tanida et al. 1984).

6 Ecology and Habitat Distribution of Actinobacteria
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Although nutrient availability was shown to be a major factor controlling the 
activities of actinobacteria in soil, various other factors such as temperature, pH, 
humidity and moisture content were also found to influence their activities. Soil 
type was indicated to exert an influence as can season and climate, as well as sea-
sonal changes in different climatic regions. Temperature also was shown to have a 
determining effect on the size and composition of the actinobacterial populations in 
soil. Pre-metagenomical era studies conducted using conventional approaches indi-
cated that the numbers of streptomycetes in grassland were higher in summer 
(Küster 1976), nocardiae were most numerous in winter (Orchard 1981), and 
Streptomyces malachiticus (Küster 1970) and Nocardia otitidis-caviarium were 
confined to sub-tropical and tropical soils (Schaal and Bickenbach 1978).

pH was also found to be a major factor determining the distribution and activities 
of soil actinobacteria with an optimum existence around pH 7.0. The existence of 
neutrophilic streptomycetes in acidic soils was claimed to be due to the periodic 
occurrence of microsites of higher pH, produced by ammonification of substrates 
such as amino acids and chitin and initiated by acidophilic or aciduric soil microor-
ganisms. These factors were also shown to influence the tolerance of neutrophilic 
actinobacterial spores to acidity (Flowers and Williams 1977; Khan and Williams 
1975; Williams and Mayfield 1971). Alkali pH tolerance was also shown for actino-
bacteria (Mikami et al. 1982). Examples include Streptomyces caeruleus isolated 
from a Canadian salt lake that was found to grow at pH 6.5–9.5 (Taber 1960).

Moisture tension and aeration of soils that are intimately related were also found 
to affect soil microflora such as the major moisture content changes in Australian 
soils following rainstorms followed by subsequent drying process resulted in sig-
nificant shifts in soil actinobacterial populations (Keast et al. 1984). Low moisture 
tensions (pF 1.0) lowered the radial growth of streptomycetes in soil but encouraged 
the maximum growth of mud-dwelling micromonosporae at pF 1.0 (Cross 1981).

Almost all soils contain a significant proportion of clay and humic colloidal 
materials, and adsorption occurs between colloids, microbial cells and their extra-
cellular products, markedly affecting microbial activity at micro-environmental 
level (Chenu and Stotzky 2002). Addition of calcium montmorillonite to growth 
media used to cultivate Streptomyces, Micromonospora and Nocardia species accel-
erated their growth, glucose utilization and carbon dioxide evolution (Martin et al. 
1976). Pesticides and herbicides were also shown to exert an influence on the acti-
nobacterial populations. They can be detrimentally impacted or use these chemicals 
as growth substrates; examples include nocardiae that were found to utilize various 
fungicides as sole carbon and nitrogen sources (Bachofer et al. 1973). Hydrocarbon 
additions to soils were reported to stimulate Arthrobacter growth (Jensen 1975), 
and nocardiae and rhodococci were frequently found in petroleum-contaminated 
soils (Nesterenko et al. 1977).

With the use of current molecular approaches, our understanding is now expand-
ing at an explosive rate related to the ecophysiology of actinobacteria in natural 
environments (Riesenfeld et al. 2004). A recent microcosmal experiment using a 
metagenomic technique, designed to assess the effect of benzene, toluene, ethylben-
zene and xylenes (BTEX) on an indigenous bacterial community in a Daejeon for-
est soil, revealed the negative impact of such chemicals on actinobacterial community 
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(Ji et al. 2007). Chemical fertilizer and organic manure inputs were also reported to 
negatively impact indigenous actinoflora of paddy soils (Zhang et al. 2012).

Until the late 1990s, the correlations between gross measurements of factors in 
the environment from which isolates originated and their responses to variation of 
the factors in laboratory culture formed the basis of our understanding on the 
responses of actinobacteria to physical and chemical factors. Determination of the 
limits and optima for the growth as well as the limits of viability was done using the 
correlation studies between in situ and in vitro (Williams 1986). However, in-depth 
research data required to conclude the subtle effects of spatial and temporal varia-
tions of factors within then studied environments were insufficient. This was mostly 
due to the effects of frequently random and destructive nature of the sampling pro-
cedures that was then used. Moreover, continually fluctuating factors which are 
difficult to measure such as aeration and moisture tension made macro-scale mea-
surement of the environmental factors again then difficult (Williams 1986). 
However, with the emergence of effective in situ molecular techniques from the 
1990s onwards, detection of the physiologically active roles of microorganisms in 
their native microbial communities has been possible (Felske et al. 1997; Hill et al. 
2000). In addition, metagenomic and small subunit rRNA analyses revealed the 
genetic diversity of bacteria, archaea, fungi and viruses in soil (Fierer et al. 2007b), 
and the specific amplification of genes encoding 16S rRNA enabled the analysis of 
soil actinobacterial communities (Griffiths et al. 2004; Heuer et al. 1997). Molecular 
biological evidence also revealed the occurrence of uncultured members of the acti-
nobacterial line of descent in different environments and geographical locations 
(Rheims and Stackebrandt 1999; Rheims et al. 1999) including detection of novel 
actinobacterial lineages in marine and terrestrial environments (McVeigh et al. 
1996; Stach et al. 2003). Tracking microbial ecology through the use of molecular 
and genomic tools has become possible (Hirsch et al. 2010; López-García and 
Moreira 2008). Together with these molecular detection techniques, the effective 
multivariate analysis methods also facilitated the generation of in-depth knowledge 
in ecology and systematics (Ramette 2007). Biogeography has also emerged as a 
cornerstone approach to study diversity patterns of microorganisms at different bio-
geographic patterns within the context of evolutionary and ecological contexts 
(Ramette and Tiedje 2007). Impacts of evolutionary and ecological forces at micro-
bial genotype level could also be identified (Ramette and Tiedje 2007).

Molecular advances have also brought new insights into the full understanding of 
the roles of Actinomycetales in the soil environments. One example is the definition 
of Arabidopsis root microbiome and its relationship with the soil microbial com-
munity. Through such advancements, extent of interactions between the endophytes 
and the host plants is revealed such as which bacterial genes are selected on the 
surface and internal root colonization (Bulgarelli et al. 2012; Hirsch and Mauchline 
2012; Lundberg et al. 2012). Transcriptomics and proteomics are facilitating 
towards increased understanding related to when and where these genes are 
expressed as well as generation of sound understanding on the contribution of rhi-
zosphere bacteria to both disease resistance and nutrient cycling such as the one 
illustrated in Arabidopsis model plant system. In the near future, a full understand-
ing of the plant-microorganism-soil system gained through molecular advances will 
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be utilized to optimize plant health, nutrition and yields in sustainable agriculture 
(Bulgarelli et al. 2012; Hirsch and Mauchline 2012; Lundberg et al. 2012).

Actinomycetales members have also been known to contribute towards decomposi-
tion of complex components of soil, litter and composts such as starch, chitin, pectin, 
cellulose, hemicelluloses and lignocelluloses (Crawford 1988; Goodfellow and 
Williams 1983; McCarthy and Williams 1992; Williams and Robinson 1981). With 
these activities, they become an integral part in the recycling of materials in nature as 
well as contributing towards waste removal (for comprehensive review, see Crawford 
1988). Chitin-decomposing actinomycetes associated with spores of a vesicular-
arbuscular mycorrhizal fungus in field soil were also reported (Ames et al. 1989). 
Molecular advancements are also now aiding towards information generation into the 
enzymatic activities of actinobacteria in nature such as the molecular analysis of a 
bacterial chitinolytic community in an upland pasture (Metcalfe et al. 2002). Functional 
screening of metagenomic libraries for genes involved in microbial biodegradation is 
now possible such as the aromatic compound (Suenaga et al. 2007) or lignocellulose 
degradation genes during composting (Wang et al. 2016). Through such molecular 
advances, detection of functional genes and linking them to the microbial community 
compositions as well as their functions in soils and composts is now possible (Waldrop 
et al. 2000), and such hydrolytic mechanisms Actinomycetales possess might be linked 
to their functionally conserved genes (McCarthy and Williams 1992).

Actinomycetales members can also cause disease such as tuberculosis, leprosy 
and actinomycoses in humans and farm animals. Presence of motile zoospores 
might also contribute towards disease dissemination such as the “lumpy wool” of 
sheep caused by Dermatophilus congolensis infections (Ambrose 1996). Their 
spores can also be dispersed into farm and related agricultural storage and process-
ing plants and can cause allergic alveolitis leading to farmer’s lung, mushroom 
worker’s lung and tobacco workers’ lung disease as well as byssinosis and bagas-
sosis (for comprehensive review, see Lacey 1988). Example photos of such spores 
originating from a Saccharomonospora isolate from sugar cane bagasse samples in 
Queensland, Australia, are illustrated in Fig. 6.2.

a b

Fig. 6.2 Saccharomonospora spores from an isolate obtained from sugar cane bagasse: (a) elec-
tron micrograph and (b) phase-contrast microscopy of the released spores (blue) from single 
spore-bearing clusters (white)
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Biologically active members of the soil actinobacteria also produce the strong 
odour of freshly cultivated soils (Gerber and Lechevalier 1965; Zaitlin and Watson 
2006), the characteristic property of compounds that are geosmin and 2-methyliso-
borneol and produced mostly by streptomycetes (Klausen et al. 2005).

Mitri and Foster (2013) investigated the social adaptations of microbial pheno-
types through production of compounds that affect other cells. Examples include 
the secretion of enzymes to help other cells and the release of toxins to kill and 
phenotype that increases the fitness of another cell and that evolved at least in part 
because of this effect compete with neighbours. Microbial volatile organic com-
pounds (mVOCs) were also reported to be part of the communication network that 
keeps microhabitats in balance, and morphological and phenotypical alterations and 
reactions that occur in microorganisms were also reported to be due to the presence 
of mVOCs (Effmert et al. 2012). Furthermore, these mVOCs were reported to be 
capable of interacting with plants in the soil environment and may promote plant 
growth directly, through induced systemic resistance (ISR), or indirectly, through 
suppression of phytopathogens (biocontrol) (Santoro et al. 2015).

These traits defined including at molecular level will define the ecological clas-
sification of soil bacteria (Fierer et al. 2007a), which in the long run will generate a 
holistic understanding on the ecophysiology and functional diversity of actinobac-
teria in diverse terrestrial habitats as well as contribute towards the design of effec-
tive culture-dependent techniques to recover the representatives of diverse functional 
groups of actinobacteria.

6.4  Actinobacteria in Aquatic and Marine Habitats

Marine actinobacteria, in particular the ones isolated from nearshore environments 
(e.g. shallow coastal sediments), were reported to be taxonomically related to 
known terrestrial genera and thus most likely to be originating from the dormant 
spores deposited in these environments from terrestrial runoffs (for comprehensive 
review, see Cross 1981). One interesting example has been the occurrence of 
Rhodococcus coprophilus in stream sediments and lake muds. These organisms can 
be isolated from dungs of domesticated herbivores, and its coccal survival stage 
contaminates grass in pastures or hay used during the winter months for fodder. It 
remains viable after ingestion by these farm animals and passage through the rumen. 
Once excreted, it is washed into streams and rivers and can be isolated in high num-
bers from stream sediments and lake mud. The ratio of R. coprophilus to other 
actinomycetes in stream water samples can thus provide a useful index for detecting 
the presence of dairy farm effluents (Rowbotham and Cross 1977).

Molecular and advanced sampling procedures (Bull et al. 2000, 2005) have also 
revealed the existence of truly marine-adapted actinobacteria. Examples include 
Rhodococcus marinonascens (Helmke and Weyland 1984) as well as the novel 
genus Salinispora (Mincer et al. 2002; Maldonado et al. 2005; Ahmed et al. 2013; 
Jensen et al. 2015) with reported widespread distribution of its species in marine 
environments (Jensen and Mafnas 2006; Freel et al. 2012). Further studies described 
these new genus members as a monophyletic clade within the family 
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Micromonosporaceae (Mincer et al. 2002) and their genomic islands harbouring 
functional traits that were linked to their adaptation in marine environments (Penn 
et al. 2009). Salinisporae resistance to osmotic down-shocks was also investigated 
by Bucarey et al. (2012) through the transfer of mscL gene from a Micromonospora 
strain that was capable of growth on media prepared with deionized water into S. 
tropica strain CNB-440. This single-copy, chromosomal genetic complementation 
yielded a recombinant Salinispora mscL strain that subsequently demonstrated an 
increased capacity to survive osmotic down-shock. The loss of mscL gene resulted 
with the failure of the Salinispora sp. to grow in low-osmotic-strength media that 
provided evidence on the marine adaptation and enhanced survival of the S. tropica 
transformant.

Molecular-level studies such as the one described above will reveal information 
on the true adaptational mechanisms resulting in the survival of actinobacteria in 
diverse aquatic habitats. Examples include, the detection of new actinobacterial spe-
cies from the hydrothermal vent fluids in the Mariana Trough (~−2850 m) and Suiyo 
Seamount (~−1390 m) (Naganuma et al. 2007; Thornburg et al. 2010) and from 
hydrothermally active sediments of the Guaymas Basin (~−2005 m) (Teske et al. 
2002; Thornburg et al. 2010). Possible actinobacterial presence was also reported 
for the guts of these vent invertebrates (Baross and Deming 1985; Thornburg et al. 
2010).

Marine aggregate-associated bacteria have also been reported to be actively 
involved in the production of inhibitory compounds during interspecific interactions 
and the actinobacterial fraction displaying the highest inhibitory activity among the 
isolates from German Wadden Sea (Grossart et al. 2004). Such inhibitory activity 
was suggested to greatly influence interspecific interactions and impacting micro-
bial degradation and remineralization of particulate organic matter in aquatic envi-
ronments (Grossart et al. 2004).

Micromonosporae, the second largest bioactive fraction of actinobacteria (Tiwari 
and Gupta 2012), were also reported to contribute towards degradation of organic 
and recalcitrant matter in aquatic and marine environments (Cross 1981). They have 
been frequently located in nearshore and offshore marine sediments (Bredholt et al. 
2008; Eccleston et al. 2008). de Menezes et al. (2008) using DNA gyrase B gene 
sequencing identified cellulose-degrading micromonosporae from fresh water lakes, 
and the most cellulolytic cluster members were closely related to Micromonospora 
chalcea. Wu et al. (2008) using a microarray-based characterization method defined 
the microbial community functional structure and heterogeneity in marine sedi-
ments from the Gulf of Mexico. Their findings indicated the presence of chitinolytic 
actinobacteria in the sediment samples other than micromonosporae such as the 
species of the genera Arthrobacter, Cellulomonas, Amycolatopsis, Kurthia and 
Streptomyces.

The phylogenetic affiliation of the phylotypes and the broad salinity range stud-
ies of the Wadden Sea Gram-positive bacterial community isolates by Grossart et al. 
(2004) indicated that these group of bacteria are well adapted and have become 
indigenous to such marine environment and because of their high potential to 
degrade various biopolymers, the members of these Gram-positive bacterial 
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community are important in the turnover and decomposition of organic matter in 
this ecosystem (Grossart et al. 2004).

Stach et al. (2003) examined actinobacterial diversity in a deep Atlantic Ocean 
sediment by comparing phylogenetic diversity and estimating species number using 
a number of statistical methods. Their findings indicated that species richness 
decreased with sediment depth with a concomitant decrease in genetic diversity and 
an increase in the level of dominance such as the formation of distinct species cor-
responding to separate ecological units. Pontarp et al. (2013) also revealed that 
habitat characteristics and environmental stress can “filter” a community so that 
only closely related species can persist. They also concluded that non-random phy-
logenetic signal might imply a relationship between ecologically relevant character-
istics and species relatedness. Actinobacterial members of environmental 
communities should thus be examined under the definition of Pontarp et al. (2013).

6.5  Actinobacteria in Extreme Habitats

Actinobacteria were considered almost ubiquitous until the late 1980s (Lechevalier 
(1981). This was due to their infrequently encounters at extreme environments (see 
the chart by Bachofen 1986) (Fig. 6.3). However, again with the emergence of effec-
tive molecular tools, their existence is increasingly being reported at such extreme 

Physiological
conditions in zone

temperate

Below pH 5
Acid

Above 50°C
Hot springs

High Pressure, High
pO2, high radiation,
high concentration of
heavy metals

Low concentrations
of ions and nutrients

Above pH 8
Surface of
concrete

Below 10°C
Arctic, Mars

Low pO2

High salinity arid
regions

Fig. 6.3 Environmental factors which cause inhibition of growth and metabolism beyond certain 
limits. Inner circle: the so-called physiological range, conditions which are acceptable for men and 
in which most of higher organisms and a lot of microorganisms show the highest activity of life 
(from Bachofen 1986)
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environments (Bull 2011). Examples include their association with the algal photo-
synthetic biofilms found in extreme acidic streams in Río Tinto (Huelva, Spain) 
(Souza-Egipsy et al. 2008) as well as the detection of the presence of Mycobacterium 
in this environment (García-Moyano et al. 2007). Liu et al. (2014) reported the 
abundance of Actinobacteria at the phylum level (Acidimicrobiales and 
Rubrobacterales) in an extreme and heterogeneous environment of mine tailings in 
China. Their findings indicated that the presence of actinobacteria was affected 
largely by Fe3+ concentrations. As they were reported to oxidize iron and sulphides 
previously (Clark and Norris 1996), Liu et al. (2014) suggested that there might be 
a role for Actinobacteria in the biogeochemical processes at this tailing site.

In Antarctic mineral soils, although high-frequency actinobacterial phylotype sig-
nals were detected, only few of these sequences matched to known phylotypes at 
>95% indicating the presence of yet-to-be-cultured phychrotrophic actinobacterial 
species (Smith et al. 2006). Other extreme habitats that received significant attention 
to identify their actinobacterial components include the Mariana Trench sediments 
collected at a depth of −10,898 m (Pathom-Aree et al. 2006). Hyperarid soils of the 
Atacama Desert (Bull and Asenjo 2013; Okoro et al. 2009), the high-altitude Andean 
Lakes (Ordoñez et al. 2009) and wetlands (Dib et al. 2008) and the anthropogenic 
extreme environments such as the ones with hyper-alkalinity and hypersalinity as 
well as contaminated with industrial residues containing chromium and iron (Brito et 
al. 2013) were also found to contain actinobacterial members. Subsurface rock colo-
nization was reported to enhance the ability of microorganisms to resist radiation and 
desiccation due to the shielding effect of the rock matrix (Dong and Yu 2007). 
Molecular microbial diversity assessment studies, related to the endolithic coloniza-
tion of silica-rich rhyolitic glass (obsidian) in a barren terrestrial volcanic environ-
ment located in Iceland, revealed that from the 47 bacterial sequences affiliated to six 
divisions, the most dominant division was reported to relate to Actinobacteria 
(Herrera et al. 2009). A radioresistant and psychrotrophic Kocuria sp. was also iso-
lated from Ab-e-Siah radioactive spring (Asgarani et al. 2012). Radiotolerance has 
also been reported for actinobacteria in Tataouine desert (Chanal et al. 2006). Lipid 
storage in high-altitude Andean Lake associated extremophiles and its mobilization 
under stress conditions for a UV-resistant Rhodococcus sp. was reported (Urbano et 
al. 2013). Actinobacteria such as Streptomyces coelicolor A3(2) was reported to syn-
thesize ectoine and 5-hydroxyectoine upon the imposition of either salt (0.5M NaCl) 
or heat stress (39 °C) (Bursy et al. 2008). Similarly, when desiccation-specific 
responses for R. jostii was investigated to define the genes and genetic mechanisms 
involved during desiccation stress, induced biosynthetic pathway for the compatible 
solute ectoine synthesis was also reported (LeBlanc et al. 2008).

Molecular identification of microbiota inhabiting an Antarctic cryoconite hole 
also revealed the presence of actinobacteria (Christner et al. 2003). Poly-
extremophilism which refers to the combination of few different traits such as high-
level salt tolerance, alkaline pH and elevated temperatures was reported to contribute 
towards survival of bacteria in such environments (Bowers et al. 2009).

The natural saline environments usually contain 4–30% NaCl, and adaptation to 
salinity by microorganisms is not only confined to aquatic and marine environments 
(e.g. salt marshes). The natural saline environments can also be located in terrestrial 
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environments such as increasing area of salt-affected cultivated soils throughout the 
world. Although these environments were reported to contain various ions that 
might interfere with uptake of water as well as being toxic to microbiota, they can 
also harbour taxonomically diverse bacterial groups with modified physiological 
and structural characteristics under the prevailing saline conditions (Zahran 1997). 
The majority of these bacteria can synthesize specific compatible organic osmo-
lytes; as a result, they can osmoregulate (Zahran 1997). These characteristics 
empower them to survive in saline environments and contribute towards degrada-
tion of plant remains, fixing the nitrogen, and produce bioactive metabolites (Zahran 
1997). Examples include isolation of a new actinobacterial species Kocuria aegyp-
tia from a saline, alkaline desert soil in Egypt by Li et al. (2006). Actinobacteria in 
hypogean environments were also reported (Saiz-Jimenez and Groth 1999).

Current molecular advances (e.g. metagenomic approach with GeoChip-based 
functional gene arrays) also bring further evidence shaping the definition of func-
tional ecology of bacteria inhabiting in extreme environments such as the Antarctic 
Dry Valley (Chan et al. 2013). Contribution to significant biochemical processes 
was identified for actinobacteria in these environments such as their ability to catab-
olize complex aromatic compounds in the studies.

Again metagenomical approaches will reveal the extent of microbial life in 
extreme temperature environments (Lewin et al. 2013). Bioinformatics will also aid 
to extract meaningful conclusions from the data. Kopcakova et al. (2014) stressed 
the urgent need for database extension for reliable identification of bacteria from 
extreme environments using MALDI-TOF mass spectrometry. Industrial needs will 
also aid towards generation of increased understanding on existence and functional 
diversity of extremophiles such as the thermostable enzyme producer ones such as 
the detection of extracellular enzymes from culturable Actinobacteria from the 
South Shetland Islands, Antarctica (Lamilla et al. 2016).

Another important development has been in the field of aero-microbiology that 
has provided evidence on the distribution of airborne microbial assemblages 
(Yamaguchi et al. 2012) as well as revealing the diversity of viable cells in the high 
atmosphere (Barberán et al. 2014). Dust coming from the large deserts on Earth, 
such as the Sahara, was shown to travel long distances and be dispersed over thou-
sands of square kilometres as well as depositing in distant and different environ-
ments and seeding nonindigenous microbial representatives in such environments 
(e.g. remote oligotrophic alpine lakes) (Barberán et al. 2014). Dust-borne transport 
of microorganisms, particularly over aquatic environments, was indicated to be 
enhanced due to tolerable humidity levels and attenuation of UV by the particle load 
of the various dust clouds (Griffin 2007; Griffin et al. 2001).

6.6  Phages of Actinobacteria

Actinophages are viruses that infect the members of the order Actinomycetales and 
mostly belong to three viral families of Myoviridae, Siphoviridae and Podoviridae (see 
Figure 1 in Ackermann et al. 1985). Type species of actinophages for certain genera of 
the order Actinomycetales were described such as for the Arthrobacter (AN25S-1), 
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Kurthia (7/26), Actinomyces (Av-1), Mycobacterium (lacticola), Streptomyces (SV2), 
Micromonospora (ØUW21), Thermomonospora (Ø115A and Ta1) and Micropolyspora 
(Ø-150A) (Ackermann et al. 1985). Siphoviridae group of phages are the most com-
mon ones for Actinomycetales (Ackermann 2001, 2006). Cubic and filamentous phages 
were reported to be rare for actinophages (Ackermann et al. 1985) as well as the ones 
with contractile tails (Ackermann, personal communication 1995). Recent metage-
nomic and small subunit rRNA analyses revealed the genetic diversity between the soil 
and other natural environment-associated viruses. Soil is the main reservoir for actino-
phages (Robinson and Corke 1959). The most abundant actinophage types observed in 
the soil samples were reported to be similar to phages that infect the soil bacteria 
Actinoplanes, Mycobacterium and Streptomyces (Fierer et al. 2007b; Kutzner 1961; 
Pringsulaka et al. 2002). A group of bacteriophages specific to Faenia rectivirgula 
(Kempf et al. 1987) to Actinomadura species (Kurtböke et al. 1993a) and to Nocardia 
restrictus (Riverin et al. 1970) were also detected.

Like other bacteriophages, the actinophages can also impact host populations via 
several mechanisms including predation and alteration of host phenotype by genetic 
interactions (Marsh and Wellington 1994). The dynamic survival of phase populations 
in soil thus requires infective interactions with host populations which are actively 
growing (Marsh and Wellington 1994). As a result, the phase survival is limited by the 
activity of soil bacteria, and during the periods of inactivity phase, populations must 
adopt strategies to survive (Marsh and Wellington 1994). One of the most effective 
strategies used by phages was reported to be the lysogeny in soil that has a distinct 
advantage over virulence for phase and host survival (Marsh and Wellington 1994). 
Herron and Wellington (1990) suggested that temperate phase can introduce a gene 
into a population of streptomycetes in soil where lysogens persist and serve to spread 
the gene by spontaneous release of phase when nutrients are available.

Early studies on the detection of actinophages were reported to date back to 1936 
(Hesseltine 1960). Following the lysis of streptomycin-producing strains of 
Streptomyces griseus that subsequently displayed strong proteolytic activity, the 
term “actinophage” was coined by the Waksman’s group (Reilly et al. 1947). Interest 
grew further due to the fact that most industrial cultures of antibiotic-producing 
actinomycetes were the lysogenic ones (Anné et al. 1990; Dowding and Hopwood 
1973; Klaus et al. 1979, 1981; Lomovskaya et al. 1972; Shirai et al. 1991). In the 
later years, actinophage studies were conducted to detect and understand host-con-
trolled restriction modification systems (e.g. Micromonospora purpurea) (Meyertons 
et al. 1987), and their further utilization as tools for genetic exchange for the bioac-
tive members of the industrially important Streptomyces species (e.g. Streptomyces 
coelicolor) gained importance (Chater and Wilde 1976; Diaz et al. 1989). Phase-
resistant mutants of antibiotic producer genera were also used to obtain superior 
producers. Examples include S. erythreus (Donadio et al. 1986), vancomycin-pro-
ducing Amycolatopsis species (Parekh et al. 2000) and gentamicin-producing 
Micromonospora purpurea (Kikuchi and Perlman 1977).

Phase typing was also used for most Actinomycetales genera (Bradley and 
Anderson 1958; Bradley et al. 1961; Prauser 1970; Kurtböke 1996) to elucidate rela-
tionships between species as well as among species, genera and families. Such spe-
cific phase susceptibility was due to the adsorption to host receptors which were 
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present in only a very limited number of closely related species (Bradley et al. 1961; 
Korn-Wendisch and Schneider 1992). Wellington and Williams (1981) in conjunction 
with their extensive numerical phenetic study of the genus Streptomyces also investi-
gated the phase susceptibility of the species to define the boundaries of the genus by 
the phase activity. Polyvalent streptophages recognized the host boundaries in agree-
ment with the classification of the genus Streptomyces used in those days, and these 
phages were found to be family specific for the Streptomycetaceae. Phase cross infec-
tivity was also recorded for then valid genera, Chainia, Actinopycnidium, 
Actinosporangium, Microellobosporia and Kitasatoa, indicating their close related-
ness. These findings were in agreement with the subsequent amended description of 
the genus Streptomyces which catered all these above-listed genera within its genus 
boundaries (Goodfellow et al. 1986a, b, c). On the other hand, Nocardioides was 
found to be resistant to the Streptomyces phages and preserved its independent genus 
status (Prauser 1984; Williams et al. 1980), as well as the genera Sporichthya and 
Kineosporia (Prauser 1984). Most phages isolated against Streptomyces species since 
the studies begun have been reported to be polyvalent (El-Tarabily et al. 1995). Very 
few species-specific phages were reported such as the phase Ø2 for S. albus (Prauser 
and Falta 1968) and phase streptomycini III for S. griseus (Rautenstein 1967).

Mycobacterium phages (mycobacteriophages) have also received significant 
interest in terms of their contribution to the host pathogenicity. They provided 
essential tools for mycobacterial research, including reporter genes, mutagenesis 
and recent full genome sequences which indicated their further contributions into 
tuberculosis genetics (Hatfull 2014). Pedulla et al. (2003) studied genomic compari-
sons of mycobacteriophages and illustrated their roles in the horizontal gene trans-
fer and a much broader involvement of these phages in the host virulence. They also 
suggested the roles of these recombinant events which lead to the inclusion of many 
unexpected genes including those implicated in mycobacterial infections and auto-
immune diseases such as the human lupus. Detection of genome architectures of 
numerous mycobacteriophages revealed considerable sequence diversity and speci-
ficity, again providing a suite of tools for use in the mycobacterial genetic research 
(Dedrick et al. 2016). Similarly genome and proteome analysis of phase E3 infect-
ing the soil-borne pathogen Rhodococcus equi brought new insights into host-phase 
interactions (Salifu et al. 2013).

Prokaryotic CRISPR-Cas systems were reported to confer resistance to viral 
infection and thus mediate bacteria-phase interactions. Comparative genomic stud-
ies on a number of Salinispora strains confirmed recurring encounters with related 
phages as well as geographically confined mobile genetic elements (Wietz et al. 
2014). These findings were suggested to be related to the presence of complex 
CRISPR-mediated interactions between Salinispora spp. and foreign genetic ele-
ments that might subsequently influence the ecology and evolution of this marine-
adapted genus (Wietz et al. 2014).

Before the emergence of metagenomical tools that generate information on the 
host bacterial diversity in a selected substrate, actinophages were also used as indi-
cators of the presence of rarely detected Actinomycetales genera (Williams et al. 
1993; Kurtböke 2003, 2005, 2011; Kurtböke and French 2007). One of the recent 
examples that was related to the isolation of indicator phages, from the foaming sea 
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waters, surrounding beach and sand dune samples obtained from the Sunshine 
Coast region of Australia, revealed the presence of Nocardiaceae and 
Pseudonocardiceae in such environments, and as a result, their subsequent selective 
isolations from these environments were achieved (Fig. 6.4) (Kurtböke 2016).

Association of the members of Nocardiaceae and Pseudonocardiceae with 
foaming events frequently encountered in waste water treatment plants is well docu-
mented (Goodfellow et al. 1998; Lechevailer 1974; Soddell and Seviour 1990). 
Control of these foaming events in the activated sludge plants was attempted via the 
use of actinophages specific towards the members of these families by the research-
ers of La Trobe University over the last 15 years (Dyson et al. 2015; Petrovski et al. 
2011, 2012; Thomas et al. 2002). Extensive genome-level studies on the phages 
isolated were subsequently conducted by these researchers enabling them to select 
obligatory lytic representatives of their phase library to be used to control foaming 
events in activated sludge plants (Dyson et al. 2015; Petrovski et al. 2011).

In a similar approach, phages specific to Nocardiaceae and Pseudonocardiceae, 
which were isolated from the foaming sea waters of the Sunshine Coast region of 
Australia (Kurtböke 2008, 2016), were tested for their foam-forming ability in labo-
ratory using aseptic conditions in the presence and absence of their specific phages. 

a b

c d

Fig. 6.4 Detection of (a) Nocardia species and (b and c) specific phase for this genus from (d) 
polluted marine environments of the Sunshine Coast, Australia
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Created foams by these bacteria in sterile sea water-containing flasks with addition 
of different types of oils (e.g. peanut, vegetable, macadamia, olive, etc.) immedi-
ately lost their stability and collapsed when family-specific phages were added into 
the growing and foam-producing cultures of these families.

Actinophages have also successfully been used to deselect unwanted taxa on the 
isolation plates for the target-directed selective isolation of different Actinomycetales 
genera (Kurtböke and Williams 1991; Kurtböke et al. 1992; Kurtböke 2003, 2009). 
Streptomycetes or common bacteria overgrowing rare actinobacterial taxa by pro-
ducing large colonies or through the production of inhibitory compounds on the 
isolation plates were removed using their polyvalent phages which improved the 
efficacy of culturability of rare actinomycetes (Kurtböke et al. 1992, 1993b; 
Kurtböke 2003, 2009). Such approach enabled the isolation of many non-strepto-
mycete actinobacteria via the removal of overgrowing and common streptomycete 
colonies from isolation plates via the phase battery (El-Tarabily et al. 1995) (Fig. 
6.5) to isolate antifungal actinomycetes for biological control purposes of plant 
pathogenic fungi (e.g. Phytophthora and Pythium) (El-Tarabily et al. 1996, 1997).

Fig. 6.5 (a) Selective isolation of non-streptomycete actinobacteria using polyvalent strepto-
phages to detect antifungal compound producing members of actinobacteria including (b) phase- 
resistant novel streptomycete species (El-Tarabily et al. 1996)
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Actinophages have also been used as agrobiological control agents against bac-
terial phytopathogens including potato scab-causing Streptomyces species 
(Mckenna et al. 2001; Ogiso and Seishi 1999; Żaczek et al. 2015). Isolation of 
phase from the “lumpy wool” of sheep was also reported with potential to control 
Dermatophilus congolensis (Patten et al. 1994). They have also been used to pre-
vent and control tuberculosis in the form of respirable aerosols (Hatfull and Vehring 
2016).

For successful biological control implementation in the field, in-depth informa-
tion on the host-phase interactions is required. Koskella (2013) presented evidence 
on phase-mediated selection of bacterial communities and bacterial-mediated selec-
tion of phase communities in nature. Such selection processes in a reciprocal fash-
ion were claimed to play a key role in shaping the microbiota of their eukaryotic 
hosts, thus their likely protection from pathogens and pests. Bacteriophages have 
also been used as biological control agents or biopesticides (for comprehensive 
review, see Svircev et al. 2011). However, Meaden and Koskella (2013) cautioned 
about the possible adverse ecological effects of application of high concentrations 
of phages in the environment which might have on natural microbial communities 
leading to phase-mediated environmental perturbation as well as development of 
phase-resistant bacteria species.

Actinophages were also reported to encode for toxin productions by their hosts 
such as Corynebacterium (Freeman and Morse 1952; Groman 1953, 1955; Wagner 
and Waldor 2002) and Rathayibacter toxicus (former Clavibacter toxicus) (McKay 
et al. 1993; Ophel et al. 1993) which both have serious human (e.g. Corynebacterium 
diphtheriae) (Cerdeño-Tárraga et al. 2003) and animal health implications such as 
the annual rye grass toxicity (Riley and Gooden 1991). Again advance molecular 
tools provide further understanding on the exotoxin encoding mobile genetic ele-
ments in the natural environments including the phages (Casas et al. 2010).

On the other hand, in the recent years through functional viral metagenomics, 
identification of phase lysins (Schmitz et al. 2010) and production of bacteriophage-
encoded lysins have also been possible (Dorval Courchesne et al. 2009). Virolysin 
encoded by Actinomyces naeslundii phase Av-1 was reported to prevent gingivitis 
and root surface caries formation by Actinomyces naeslundii which was resistant to 
lysozymes but sensitive to virolysins (Dorval Courchesne et al. 2009).

Currently advancing metagenomical studies are again enabling the assessment of 
the genetic diversity of the entire viral communities (virosphere) via the analysis of 
shotgun libraries of the total viral DNAs (Hambly and Suttle 2005) as well as bring-
ing new insights on the viral mediated diversification of microbial diversity 
(Weinbauer and Rassoulzadegan 2004). All these molecular advances will result in 
increased understanding of host-phase interactions and their specificity in natural 
environments (Díaz-Muñoz and Koskella 2014; Koskella and Meaden 2013) and 
bacteria-phase coevolution as a driving source of ecological and evolutionary pro-
cesses in microbial communities (Meaden and Koskella 2013; Koskella and 
Brockhurst 2014).
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6.7  Conclusions: Impact of Molecular Advances 
on Actinobacterial Ecology and Future Directions

Actinobacteria are a successful group of bacteria that occur in a multiplicity of natu-
ral and man-made environments. Most are saprophytic, whereas some form para-
sitic and mutualistic associations with plants and animals and contribute towards the 
recycling of nutrients (Goodfellow and Williams 1983). Emerging metagenomical 
tools are now bringing new insights into their distribution, population dynamics, 
growth rates, degradative properties, survival, or dispersal or the factors governing 
the germination of dormant propagules of most actinomycete taxa natural 
environments.

High-throughput sequencing of RNA transcripts (RNA-seq) makes investiga-
tions possible revealing diverse physiologies from uncultured microorganisms in 
their natural habitat. Metatranscriptomes also shed light on microbial metabolism in 
situ as well as providing critical clues on target-directed recovery of uncultured 
microorganisms (Bomar et al. 2011). Knowledge generated on the nutritional pref-
erences of bacteria design of selective culture medium becomes possible such as (i) 
choosing a condition under which the desired organism is rapidly proliferating, (ii) 
focusing on highly expressed genes encoding hydrolytic enzymes and (iii) binding 
proteins and (iv) transporters (Bomar et al. 2011).

Multifactorial metabolic exchange and quorum sensing during microbial interac-
tions in nature were reported to not only influence the survival of microorganisms 
but also contribute towards morphological and developmental processes of the 
neighbouring microbial communities (Phelan et al. 2011; Ernebjerg and Kishony 
2012). Accordingly, application of rigid ecological categories based on the culture 
representatives of microorganisms will not be possible any longer, and molecular 
advances will redefine such categories (Ernebjerg and Kishony 2012) including the 
eco-functional diversity of the most bioactive order Actinomycetales.
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7Physiology of Actinobacteria

Olga Genilloud

7.1  Introduction

Actinomycetes are saprophytic bacteria largely distributed in terrestrial and marine 
natural ecosystems that are able to colonize a broad diversity of substrates in a con-
stantly changing physical and chemical environment. This group of bacteria has 
evolved to quickly adapt to these environmental changes and the competition from 
other microorganisms both in nutrient-rich and oligotrophic environments playing a 
key role in soil ecology. Most of the studies and interest in this group of bacteria 
have been focused for decades in their rich secondary metabolism and their ability 
to produce bioactive molecules with a broad range of applications in human health 
and biotechnology. The physiology and development of actinomycetes, the regula-
tion of their primary metabolism, and the production of industrially important sec-
ondary metabolites have been extensively reviewed in the literature (Bibb 2005; 
Drew and Demain 1977; Dyson 2011; Hodgson 2000; Martín and Demain 1980; 
Van Wezel and McDowall 2011).

From an ecological perspective, actinomycetes and especially streptomycetes 
present unique metabolic capacities, and they are able to exploit from their soil and 
aquatic environments complex nutrient sources given their ability to scavenge nutri-
ents from an environment that is frequently limiting in carbohydrates and nitrogen 
and phosphorous poor. Actinomycetes play an important role in the carbon and 
nitrogen turnover decomposing organic matter. They secrete extracellular enzymes 
such as cellulases, chitinases, lipases, amylases, and proteases that hydrolyze a wide 
range of polysaccharides and insoluble complex organic polymers (Chater et al. 
2010). The broad range of regulated carbohydrate catabolic pathways found in 
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actinomycetes to respond to the diversity of carbon sources and to compete and 
survive in the soil environment reflects the complexity of their primary metabolism. 
This regulation and the production of multiple bioactive secondary metabolites used 
to communicate or to fight competitors enable a species to survive in an environ-
ment dominated by other bacteria, fungi, insects, and nematodes. Whereas the pro-
duction and regulation of secondary metabolites have been extensively studied in 
different species of actinomycetes, the primary metabolism pathways that involve 
catabolic and anabolic reactions leading to the synthesis of building blocks of pro-
teins, nucleic acids, lipids, and structural polysaccharides have not been studied in 
most of the genera (Hodgson 2000). The processes related to primary metabolism 
ensure an increase in biomass and production of storage materials and are critical to 
explain the physiology and the nutritional requirements of these bacteria, as well as 
their role in the environment in connection with secondary metabolism. This chap-
ter will focus on a general review of the main processes involved in actinomycetes 
primary metabolism and their links with secondary metabolism and does not pre-
tend to cover exhaustively all the research performed in recent decades in the field. 
An important number of model strains of streptomycetes or industrially relevant 
secondary metabolites producers from other genera have been the subject of inten-
sive studies, but still today there is limited knowledge about the physiological pro-
cesses that govern the life cycle and primary metabolism of most families of 
actinomycetes, leaving this field of research open for exploration for a broad diver-
sity of new microbial sources.

7.2  Growth Requirements

Actinomycetes exhibit a saprophytic lifestyle and can produce a large diversity of 
extracellular enzymes to digest complex polymeric substrates and import the resulting 
monomers and oligomers to be used for biomass generation and development of a 
primary substrate mycelium. As saprophytic degraders, actinomycetes have a myce-
lial lifestyle and grow as a filamentous mycelium with the ability to adhere and pen-
etrate the surface of insoluble organic material derived from plants, fungi, and other 
organisms. The different families of extracellular hydrolyzing enzymes are key to 
ensure to the cell the supply of materials as nutrients for catabolism and anabolism. 
Actinomycetes have been reported to grow on the broadest diversity of nutrient 
sources, including in strict oligotrophic conditions (Williams 1985). They have been 
described to use simple sources of carbon and nitrogen sources, and a number of auto-
trophic species have been identified among moderate thermophiles (Bell et al. 1987; 
Gadkari et al. 1990). They present a complex life cycle involving differentiation stages 
associated to the sustained primary growth and mycelium development frequently 
coupled to the production of secondary metabolites. The primary substrate mycelium 
develops initially from the original spores or propagules extending as branching 
hyphae that ensure growth on the surface and within the matrix of the different sub-
strates (Chater 1993; Goodfellow and Williams 1983). This hyphal colonization per-
mits the access to the nutrients released by extracellular enzymes. When essential 
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nutrients become depleted, actinomycetes initiate a complex developmental program 
involving a colony differentiation characteristic of each taxonomic group that may 
range from the development of an aerial mycelium bearing single spores or spore 
chains of diverse morphology to more complex sporulating structures. Part of the 
mycelium is used as part of the developmental program to release nutrients required 
by the sporulation process (Manteca and Sanchez 2009). This differentiation is fre-
quently associated to the production of tightly regulated secondary metabolites 
(Chater 1993; Takano 2006). Given the variability of their natural habitat, it has been 
proposed that Streptomyces spp. can also adapt to growth in oxygen-limiting or micro-
aerophilic conditions. When submerged in standing liquid culture with a steep oxygen 
gradient, the hyphae may be growing under near anaerobic conditions (van Keulen 
et al. 2003). The genome sequence of S. coelicolor contains three operons that puta-
tively encode a typical four-subunit respiratory nitrate reductase, a protein involved in 
anaerobic metabolism, suggesting that S. coelicolor possesses enzymes to accommo-
date metabolism under anoxic or microaerobic conditions, as do pathogenic actino-
mycetes such as corynebacteria and mycobacteria.

7.2.1  Carbon Sources

There is a wide range of carbohydrate substrates in the environment that can be used 
by actinomycetes. To respond to the diversity of carbon sources, actinomycetes can 
induce multiple carbohydrate catabolic pathways and secrete extracellular hydro-
lytic enzyme complexes to degrade insoluble polymers and get access to lower 
molecular weight utilizable compounds. There is a coordinated control involving 
both the induction and the carbon catabolite repression to regulate the synthesis of 
these hydrolytic enzyme complexes.

7.2.1.1  Carbohydrate-Degrading Enzymes
The extracellular polysaccharide-degrading enzymes produced by actinomy-
cetes include α-amylases, α-glucanases, cellulases, xylanases, chitinases, man-
nanases, and agarases. They catalyze the cleavage of complex carbohydrates into 
simpler units and are induced by a broad diversity of complex substrates (Chater 
et al. 2010; Hodgson 2000). Cellulose is the most abundant organic substrate, and it 
normally occurs in nature as a complex with hemicellulose containing xylan and 
lignin. Actinomycetes and especially Streptomyces play a key role in cellulose deg-
radation and produce a complex of inducible degrading enzymes containing endo-
glucanases and exoglucanases, cellobiases, xylanases, and ligninases. In many 
cases, complex polysaccharides and breakdown products that can be transported in 
to the cell have been observed as the most efficient inducing agents of catabolic 
pathways and permeases of the compounds generated by the degrading enzymes. 
Although the specific responses and regulations observed are very variable and 
dependent on the strains, many cellulases can be repressed by glucose, cellobiose, 
or glycerol (Butler et al. 1999; Godden et al. 1989), whereas permeases are fre-
quently repressed by amino acids. Different Streptomyces species produce inducible 
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endoxylanases that can decompose xylan, a complex 1,4-linked xylose polysaccha-
ride commonly containing side branches of arabinosyl, glucuronosyl, acetyl, uro-
nyl, and mannosyl residues, into xylose units, and xylan degradation components 
can also be modified by other xylanases (Arhin et al. 1994; Johnson et al. 1988; 
MacKenzie et al. 1987).

Extracellular α-amylases hydrolyze dextran in starch by catalyzing the cleavage 
of the α-1,4 linkage between glucose units. Most of these enzymes are transcription-
ally induced by starch or by maltose, although in Streptomyces species and some of 
them have been shown to be induced by maltose, maltotriose, and maltopentaose 
(Bahri and Ward 1990). These enzymes are transcriptionally repressed not only by 
glucose, glycerol, and mannitol but also by amino acids such as aspartate, arginine, 
and alanine (Grafe et al. 1986; Virolle et al. 1988).

The insoluble polysaccharide chitin is a major nutrient source for actinomycetes 
that are good degraders of chitins from insect exoskeletons, fungal cell walls, and 
marine invertebrates. They produce inducible endo- and exo-chitinases that hydro-
lyze β-1,4-linked acetylglucosamine residues. These enzymes are induced by chitin 
and repressed by glucose as shown in S. lividans (Chater et al. 2010; Robbins et al. 
1992). Similarly inducible agarases and mannanases permit to degrade agar and 
mannans. The degradation products of this complex galactose polysaccharide can 
induce the enzyme production that is also repressed by glucose (Bibb et al. 1987). 
Endomannanases can degrade mannans releasing mannose, mannobiose, and man-
notriose. Actinomycetes have been described to contain many other inducible 
disaccharide- degrading enzymes such as maltase, β-glucosidases, or β-galactosidases 
(Chater et al. 2010; Chatterjee and Vining 1981; King and Chater 1986).

7.2.1.2  Carbohydrate Uptake
Carbohydrate specific uptake systems for oligo and mono saccharides derived from 
the action of hydrolytic enzymes are mediated by multiple transport systems. Only 
in S. coelicolor, up to 54 potential carbohydrate uptake systems have been identi-
fied. They correspond to ABC permeases that can transport cellobiose, cellotriose, 
α-glucosides, lactose, maltose, maltodextrins, ribose, xylose, and β-xylosides 
(Bertram et al. 2004). Both inducible and constitutive carbohydrate uptake systems 
have been described in Streptomyces species. The inducible carbohydrate systems 
are generally induced by the substrate, with affinities in the μM range similarly to 
those observed in other bacteria, whereas the constitutive transport systems show 
103-fold lower affinities. Glucose has also been shown to repress a number of induc-
ible transport systems and inhibit a number of constitutive transport systems.

In bacteria, glucose is transported in the cell by a phosphoenolpyruvate- dependent 
phosphotransferase system (PTS) that only uses phosphoenolpyruvate as the phos-
phoryl donor and translocates sugar substrates into the cytoplasm with coordinated 
phosphorylations (Saier and Reizer 1994). Whereas S. coelicolor has a complete 
PTS system, glucose transport is mediated instead by a permease, the major facilita-
tor superfamily transporter GlcP, with a preference in the utilization of 
N-acetylglucosamine (van Wezel et al. 2005). In fact, S. coelicolor lacks an ortho-
logue of the catabolite control protein CcpA found in Gram-negative bacteria 
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(Piette et al. 2005), and glucose kinase plays an essential role in carbon catabolite 
repression (CCR). It has been proposed that glucose kinase would bind to the GlcP 
transporter and be released during transport of glucose (van Wezel et al. 2007). 
Mutants lacking a functional glucose kinase gene cannot grow on glucose and are 
deregulated in glucose repression of several genes under carbon catabolite repres-
sion. Glucose kinase converts glucose into glucose-6-phosphate which can enter as 
substrate among others in the glycolytic, the Entner-Doudoroff and the pentose phos-
phate pathways. The activity of glucose kinase depends on the carbon source and the 
growth phases (van Wezel et al. 2007). Furthermore, a study on the effect of amino 
acids on the uptake of glucose by Micromonospora echinospora has shown that the 
presence of amino acids reduce the uptake of glucose in complex media (Hoskisson 
et al. 2003). These results point to an intrinsic link between carbon and nitrogen 
metabolism and the possibility that a common intermediary such as 2- oxoglutarate 
plays a central role in this phenomenon. Whereas a membrane- bound phosphoenol-
pyruvate-dependent phosphotransferase system has not been found for glucose trans-
port, there is evidence of a PEP phosphotransferase for fructose in different 
Streptomyces species (Brückner and Titgemeyer 2002; Titgemeyer et al. 1995).

The transport of disaccharides in different Streptomyces species involves ABC 
permeases as previously shown with maltose, cellobiose, and xylobiose (Schloesser 
et al. 1997; van Wezel et al. 1997). In S. lividans, the MsiK protein assists ABC 
transport systems and is induced by cellobiose and other disaccharides. The maltose- 
induced and glucose-repressed maltose transport systems malEFG from S. coeli-
color are repressed by MalR. Repressor mutants present a constitutive expression of 
malEFG and loss of glucose repression (van Wezel et al. 1997). Similarly the MarR 
homologue Reg1 is required in S. lividans to repress the amylase and chitinase 
genes, and loss of the regulator leads to constitutive expression of the extracellular 
enzymes and lack of repression by glucose (Nguyen et al. 1997).

7.2.2  Nitrogen Sources

Soil is a nitrogen-poor environment, and nitrogen needs to be retrieved efficiently 
when it becomes available from nutrient-limiting environments. Actinomycetes 
require nitrogen to ensure biomass production as well as to synthesize a large diver-
sity of secondary metabolites from amino acids that are used as key precursors. For 
this purpose these bacteria have developed a complex system to regulate nitrogen 
metabolism that permits to respond to the different environmental conditions and 
synthetize the essential enzymes involved in its efficient assimilation. Large part of 
their genome is devoted to the synthesis of hydrolytic enzymes to process macro-
molecules and convert these components in glutamine and glutamate.

7.2.2.1  Proteases and Peptidases and Amino Acid Transport
A large diversity of extracellular proteases and peptidases are produced by actino-
mycetes as complexes with hydrolytic activities including serinproteases, elas-
tase, zinc-containing metalloendopeptidases, leucine peptidase, aminopeptidase, 
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and carboxypeptidases (Chater et al. 2010; Pokorny et al. 1979; Tsuyuki et al. 
1991). Extracellular proteases are involved in assimilating extracellular protein-
derived nitrogen sources, but there is evidence of some extracellular proteases 
having a role in Streptomyces development (Chater et al. 2010). These proteins 
are synthesized as pre-proteins, and they are exported and activated after auto-
cleavage of the signal peptide (Chang et al. 1990). Proteases are subject to differ-
ent control in their regulation, including induction by protein catabolites and 
catabolite repression in the presence of ammonium or some free amino acids 
(Shin and Lee 1986) or a constitutive expression regulated by the growth rate and 
carbon and nitrogen catabolite repression. The production of extracellular amino-
peptidases and carboxypeptidases has been reported in different Streptomyces 
species at the onset of the stationary phase, correlating the exhaustion of carbon 
sources (Uwajima et al. 1973). Other studies have shown an inhibition by amino 
acids suggesting a feedback by peptide cleavage products (Vosbeck et al. 1978). 
The constitutive extracellular metalloprotease from S. clavuligerus is only sup-
pressed at high growth rates or by ammonium, suggesting both a role of stringent 
response and of nitrogen catabolite repression (Bascaran et al. 1990). The produc-
tion of some aminopeptidases and endoproteases is also associated in S. lividans, 
as well as in S. spheroids and S. aureofaciens, to the glucose depletion in late 
exponential growth, suggesting a glucose repression of the complex (Aretz et al. 
1989; Laluce and Molinari 1977) In S. aureofaciens the production of protease 
activity was directly dependent on the ratio between carbon and nitrogen sources 
(Laluce and Molinari 1977).

Some studies have focused on the peptide transport system in actinomycetes 
and have shown the existence of oligopeptide permeases in S. coelicolor A3(2) in 
mutants defective of aerial mycelium formation. The study of the bialaphos- 
resistant bldK mutants has identified a bialaphos transport system consisting of an 
ABC transporter with homology to oligopeptide permeases (Nodwell et al. 1996). 
Different classes of amino acid permeases have been described in Streptomyces 
species that can transport neutral, basic, and acidic amino acids. Transport of 
neutral amino acids is dependent on the growth rate and growth phase and is 
mediated by feedback regulation of intracellular amino acid pools affecting the 
synthesis and the efficiency of the permease (Alim and Ring 1976). In S. lipmanii 
leucine inhibits threonine, isoleucine, and valine permeases suggesting a common 
permease for these four amino acids (Kirkpatrick and Godfrey 1973). Cyclic 
nucleotides have been shown to be involved specifically in permease induction 
(Ring et al. 1977a). On the contrary acidic amino acids are transported in different 
forms according to the pH of the medium. They can be transported in their anionic 
form, as is the case of aspartate and glutamate, by specific energy-dependent per-
meases or in their zwitterionic forms by neutral amino acid permeases at higher 
rates (Fritsch and Gross 1983; Gross and Ring 1971). Basic amino acids can be 
transported by two energy- dependent systems, a constitutive system very specific 
for arginine and an inducible system transporting both arginine and lysine (Gross 
and Burkhardt 1973).
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7.2.2.2  Sources of Ammonium and Ammonium Assimilation
Ammonium is one of the preferred nitrogen sources for actinomycetes that can be 
obtained mainly from the catabolism of amino acids as major sources, as well as 
from nitrate and urea. Glutamate and glutamine are key intermediates in the assimi-
lation of ammonium and key nitrogen donors. These two amino acids receive their 
nitrogen atoms by two pathways, the glutamine synthetase/glutamate synthetase 
(GS/GOGAT) pathway and the glutamate dehydrogenase (GDH) pathway. The high 
ammonium affinity glutamine synthetase (GS) is used in nitrogen-limiting condi-
tions to introduce ammonium in the metabolism whereas the low affinity glutamate 
dehydrogenase (GDH) is normally used in conditions of high nitrogen supply. The 
glutamine synthetase/glutamate synthetase (GS/GOGAT) pathway includes the key 
enzymes in bacterial nitrogen metabolism and in ammonium assimilation. GS pro-
duces glutamine from glutamate plus ammonia whereas GOGAT removes the amide 
group from glutamine and transfers it to α-ketoglutarate to yield two glutamate 
molecules. In fact glutamine synthetases play a dual role both in nitrogen assimila-
tion and L-glutamine synthesis (Sanchez and Demain 2002; Tyler 1978) (Fig. 7.1).

The nitrogen metabolism in Streptomyces is regulated by complex mechanisms 
where two different glutamine synthetase enzymes have been identified. Glutamine 
synthetase type I (GSI), the major GS occurring in prokaryotes, is encoded by the 
gene glnA (Wray and Fischer 1998; Hillemann et al. 1993). Glutamine synthetase 
type II (GSII), similar to eukaryotic GSs and encoded by the gene glnII, resembles 
plant GSII enzymes that were first described in the nitrogen-fixing bacteria 
Rhizobium and Frankia. Genome sequencing has revealed that Streptomyces, as 
well as many other actinobacteria, contains additional glnA-type genes shown to be 
nonfunctional. On the contrary the gene glnII is absent in strains of Mycobacterium 
and Corynebacterium (Behrmann et al. 1990; Harth et al. 2005; Reuther and 
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Wohlleben 2007). In S. coelicolor both GS activities have been shown to be func-
tional, although GSI ensures the major activity during vegetative growth. Whereas 
some GSII protein activity is observed in late growth phase and nitrogen-limiting 
conditions, the function of this eukaryotic-like GS is still unclear in Streptomyces, 
and they have not been detected in other related actinomycetes (Reuther and 
Wohlleben 2007).

Nitrogen metabolism in streptomycetes presents a complex regulation involving 
transcriptional and posttranslational regulatory steps in coordination with other pri-
mary metabolism processes that permit to respond to the variable external condi-
tions. GSI and GSII are differentially regulated in Streptomyces. The nitrogen 
regulation of GSI in S. coelicolor is common to other bacteria. In response to excess 
of ammonium, GSI is inactivated by adenylation by the adenyltransferase GlnE 
(Fink et al. 1999; Jiang and Ninfa 2009). Contrary to what is observed in other bac-
teria, GlnE is not under control of the uridylyltransferase/uridylyl-removing enzyme 
GlnD and the proteins GlnB and GlnK that belong to the PII signal transduction 
superfamily and are orthologues of the bacterial nitrogen-sensing proteins as part of 
the nitrogen regulation system (Atkinson and Ninfa 1998; Merrick and Edwards 
1995). Different Streptomyces species (S. cattleya, S. clavuligerus, S. coelicolor, 
and S. viridochromeogenes) show this posttranslational modification of GSI that has 
been proposed to be required to protect the intracellular pool of glutamate in condi-
tions of ammonium excess (Wohlleben et al. 2011) and to avoid general repressive 
effects on secondary metabolite biosynthesis due to high ammonium concentrations 
in the growth medium. On the contrary, in conditions of nitrogen limitation, glnA is 
constitutively expressed throughout the developmental cycle, whereas glnII tran-
scription increases upon morphological differentiation. The transcriptional expres-
sion level of several nitrogen metabolism genes is under control of the OmpR-like 
regulators GlnR and Gln RII that operate as modulators of gene expression (Fink 
et al. 2002). The global nitrogen activator/repressor GlnR controls all important 
routes for ammonium assimilation. In response to nitrogen limitation, GlnR acti-
vates the transcription of glnA and glnII encoding both GS in S. coelicolor as well 
as the transporter gene amtB and the putative nitrite reductase gene nirB. GlnR 
orthologues have also been identified from genome sequence analysis in other acti-
nobacteria which show 60–80% homology to the S. coelicolor GlnR (Tiffert et al. 
2008). Microarray studies have suggested that there might be a connection between 
the phosphate control exerted by PhoP and the overall nitrogen regulation mediated 
by GlnR (Rodríguez-García et al. 2007).

A global analysis of GlnR-DNA interactions in Streptomyces venezuelae using 
the ChIP on chip technology revealed that some potential targets of GlnR might be 
involved in pathways other than the nitrogen metabolism, including carbon metabo-
lism, such as the TCA cycle, glycolysis pathway, and the pentose phosphate path-
way (Pullan et al. 2011; Tiffert et al. 2011). Transcription of the agl3 operon, 
encoding a putative ABC-type carbohydrate transporter and repressed by Agl3R, a 
GlnR-related regulator, is also directly negatively regulated by GlnR, providing a 
direct evidence for the close relationship between carbon and nitrogen metabolisms 
(Cen et al. 2016).
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As previously mentioned, Streptomyces can also utilize nitrate and urea as source 
of nitrogen (Fig. 7.1). S. venezuelae has a nitrate reductase activity that is only used 
when ammonium is depleted (Shapiro and Vining 1984) and that is inhibited by 
L-histidine and L-asparagine as was reported in S. cyanoviridis. Under oxygen- 
limited conditions, actinomycetes can also denitrify nitrate to generate N2O and 
nitric oxide (Albrecht et al. 1997). The urease activity hydrolyzing urea into ammo-
nium and carbon dioxide is regulated by the global nitrogen regulation and is sup-
pressed in conditions of high ammonium supply (Bascaran et al. 1989).

7.2.3  Phosphorus Uptake and Regulation

Phosphorus is an essential component for bacterial growth and one of the major cell 
constituents, playing an important role in cell metabolism and as constituent of most 
cell macromolecules (Santos-Beneit et al. 2008). The preferred source of phospho-
rus in bacteria is inorganic phosphate (Pi), which can enter the cell using at least two 
different transport systems, the high-affinity phosphate-specific ABC transporter 
Pst and the low-affinity phosphate inorganic transporter Pit. Phosphate metabolism 
in Streptomyces is under control of the pho regulon and modulated by the two- 
component signal transduction system PhoR-PhoP that promotes adaptation to low 
Pi by increasing phosphate uptake and/or utilization of cellular polyphosphate 
reserves (Sola-Landa et al. 2003). The membrane protein kinase PhoR senses phos-
phate limitations, and the response regulator PhoP binds to DNA to control tran-
scription of the pho regulon genes controlling genes involved both in primary and 
secondary metabolism.

The high-affinity phosphate-specific ABC transporter Pst is composed of four 
proteins encoded by the pstSCAB operon and included in the PHO regulon: the 
periplasmic phosphate-binding protein PstS, the integral membrane proteins PstA 
and PstC, and the ATP-binding subunit PstB (Rao and Torriani 1990). The low- 
affinity phosphate inorganic transporter Pit is a fast phosphate-uptake system 
dependent on the proton motive force. Whereas in E. coli the transmembrane pro-
tein Pit is the major Pi uptake system when Pi is in excess (Elvin et al. 1986; 
Rosenberg et al. 1977, 1979), S. coelicolor presents three Pi transport systems (Pst, 
PitH1 and PitH2) with differential regulation. Pst and PitH2 work when Pi is limited 
whereas PitH1 is the major transporter when Pi is in excess. The S. coelicolor pit 
genes are clustered with distinct accessory genes and can also be classified accord-
ing to their regulation. In S. coelicolor the expression of the pstS gene is under strict 
phosphate control (Díaz et al. 2005; Sola-Landa et al. 2005). Transcription of pitH2 
gene is also PhoP dependent, while pitH1 is not (Santos-Beneit et al. 2008).

To survive Pi starvation, Streptomyces can consume phosphorous from storage poly-
phosphates, nucleotides, and teichoic acids that need to be hydrolyzed before being 
transported in the cell (Martín and Demain 1980). Phosphate deprivation triggers the 
PHO regulon, and the production of extracellular enzymes involved in phosphate scav-
enging from organic phosphates. S. coelicolor contains at least four phosphatases, a 
phytase, and two glycerophosphodiester phosphodiesterase systems to hydrolyze 
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different organic phosphates (Apel et al. 2007; Rodríguez-García et al. 2007; Sola-
Landa et al. 2008). The utilization of cellular polyphosphate reserves is mediated by 
polyphosphate kinase (PPK), an enzyme catalyzing the reversible polymerization of 
the γ phosphate of ATP into polyphosphate when the ATP/ADP ratio is high. The 
expression of the ppk gene in S. lividans is upregulated by the PhoP response regulator 
in Pi-limiting conditions. On the contrary, when the ATP/ADP ratio decreases, ATP can 
be generated from polyphosphate by PKK. In fact it has been suggested that in limiting 
polyphosphate conditions, upregulation of central carbon metabolism would respond 
to the low ATP/ADP ratio to generate ATP. When this takes places at the end of expo-
nential growth, the products (reduced cofactors, ATP, carbon catabolites) could be 
derived to be used in the biosynthesis of secondary metabolites. PhoP-binding sites 
have also been found in gene clusters associated to the biosynthesis of cell wall poly-
saccharides (Ghorbel et al. 2006; Rodríguez-García et al. 2007).

Carbon and phosphate sources interact through several metabolic pathways, with 
different molecules being used as sensors of the intracellular C/P ratio. In S. coeli-
color the level of extracellular phosphate-binding protein PstS responds to both 
phosphate limitation (Rodríguez-García et al. 2007; Sola-Landa et al. 2005) and 
carbon sources such as fructose or glucose (Díaz et al. 2005).

Phosphate control of many pho regulon genes is mediated by binding of PhoP to 
PHO operators formed by direct repeat units of 11 nucleotides. Transcriptomic studies 
have shown that several genes involved in nitrogen metabolism are regulated by phos-
phate (Rodríguez-García et al. 2007). PhoP binds to the glnR promoter, encoding 
GlnR, the major nitrogen regulator in S. coelicolor, but not to the glnRII promoter, 
suggesting a nitrogen regulatory system independent of PhoP. PhoP also binds to the 
promoters of glnA and glnRII encoding two glutamine synthetases and to the pro-
moter of the amtB-glnK-glnD operon, encoding an ammonium transporter and two 
putative nitrogen-sensing/regulatory proteins. Expression from these promoter regions 
is drastically increased in a ΔphoP mutant, demonstrating that they are repressed by 
PhoP (Rodríguez-García et al. 2009). A response to phosphate limitation, mediated by 
an increased PhoP level, is to reduce expression of genes involved in nitrogen utiliza-
tion. The PhoP-negative control on nitrogen assimilation genes in phosphate-limiting 
conditions has been suggested as a way to utilize cell resources to obtain phosphate 
from the medium. The nitrogen source and phosphate regulatory networks interact in 
Streptomyces to provide an adaptation to nutritional changes and ensure a fine coordi-
nation of the utilization of the available nitrogen and phosphate sources.

7.3  Primary Metabolism

The main role of primary metabolism is to sustain growth and the synthesis of bio-
mass. In actinomycetes, the regulation of primary metabolism reflects the nutrient- 
limited conditions of the environment and the adaptation of these saprophytic 
bacteria to survive in nutrient-limited conditions, with well-coordinated carbohy-
drate and nitrogen catabolic systems permitting the efficient utilization of the 
resources in soil.
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7.3.1  Carbohydrate Catabolism

Actinomycetes primary metabolism is complex and characterized by the presence 
of multiple isoenzymes involved in single catalytic steps of glycolysis, the pen-
tose phosphate and TCA cycle pathways. Isoenzymes are encoded by similar or 
homologous gene products, and although some pathways show a tight clustering 
of genes in operons, as found with the glycerol or trehalose pathways, normally 
the different gene copies of the central carbon metabolism do not cluster in oper-
ons as observed in other bacteria where primary metabolism pathways have a 
coordinated regulation of gene expression (van Keulen et al. 2011). Genes are 
scattered in the chromosome, and two or more isoenzymes can present different 
regulation depending on the carbon sources or the development stage. When glu-
cose is available, utilization of other carbon sources is prevented, whereas in the 
absence of glucose, amino acids are then used as carbon source, providing Acyl-
CoA for fatty acid synthesis. This differential regulation would permit to modu-
late a more complex carbon metabolism distributing fluxes through different 
pathways (Moore et al. 2002).

In Streptomyces the glycolytic enzyme glucose kinase converts glucose to 
glucose- 6-phosphate (G6P) that can enter following different pathways as substrate 
of the glucose phosphate isomerase, the glucose-6-phosphate dehydrogenase, the 
pentose phosphate pathway, and the glucose-6-phosphatase (Fig. 7.2). Glucose-6- 
phosphatase also plays a role in carbon catabolite repression (CCR), an activity that 
is independent of the kinase activity.
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In the case of the glucose metabolism, the Embden-Meyerhof (EM) pathway is the 
most important glycolytic pathway as it is used to generate ATP and provide precur-
sors for secondary metabolism. The EM pathway is regulated at the level of the gly-
colytic enzyme phosphofructokinase (Pfk), and in S. coelicolor only one of the three 
Pfk isoenzymes that present high sequence similarity has been shown to be important 
in glycolysis (Alves et al. 1997). The content of homologous Pfk enzymes is variable 
depending on the Streptomyces species studied and apparently have different specific 
functions (van Keulen et al. 2011). The Pfk of S.coelicolor belongs to the family A 
group III with no or limited allosteric regulation and is also found in other actinomy-
cetes (Amycolatopsis methanolica, Propionibacterium, Frankia). Actinomycetes can 
differ in the phosphoryl donor, and several species of Salinispora tropica, 
Saccharopolyspora erythraea, or Thermobifida fusca produce PPi- dependent phos-
phofructokinases, whereas in Rhodococcus jostii or Corynebacterium glutamicum, 
they are ATP dependent (van Keulen et al. 2011). Similarly only one of the two iso-
forms of the glyceraldehyde-3-phosphate dehydrogenase is expressed in primary 
metabolism in S. arenae (Hodgson 2000). Contrary to the majority of bacteria that use 
the EM pathways or the hexose monophosphate shunt, streptomycetes cannot grow 
anaerobically on glucose and are obligate aerobes (Albrecht et al. 1997).

Actinomycetes can also metabolize glucose via glycolysis and the pentose phos-
phate pathway (PPP) (Gunnarsson et al. 2004). It has been observed that in glucose- 
grown cells of different Streptomyces species, an increase in growth rate parallels an 
increased flux of the PPP that disappears when growth is prevented. These results 
have suggested that the main role of the PPP is the generation of biomass precursors 
(Borodina et al. 2008).

The Entner-Doudoroff (ED) pathway is unusual in actinomycetes, but it has been 
shown to be active in several actinomycetes such as Nonomuraea or S. tenebrarius 
(Borodina et al. 2005; Gunnarsson et al. 2004). Furthermore, the genomes of 
Saccharopolyspora erythraea, Rhodococcus jostii, Saccharomonospora viridis, 
Actinosynnema mirum, and Nocardiopsis dassonvillei have been found to contain 
homologues of 6-phosphogluconate dehydratase gene. On the contrary an active ED 
pathway was not observed in S. coelicolor, S. avermitilis, S. scabies, and S. griseus.

Streptomycetes can grow on acetate or aliphatic compounds, reactions that 
provide TCA intermediates for the synthesis of amino acids. The tricarboxylic 
acid cycle is active and complete in Streptomyces and essential in the supply of 
precursors to secondary metabolism. Citrate synthase is inhibited by ATP and 
induced by AMP, but NAD has no effect on its activity. In streptomycetes a PEP 
carboxylase is involved in oxaloacetate formation. The enzyme is stimulated by 
acetyl-CoA, whereas it is inhibited by nucleoside triphosphates, succinate, aspar-
tate, and citrate (Vorisek et al. 1969). Several isozymes of malate dehydrogenase 
have been described with differential response to oxaloacetate. Some of the strains 
use acetate poorly and lack the enzymes malate synthase and citrate lyase (Dekleva 
and Strohl 1988). The lack of isocitrate lyase required an alternative route to gly-
oxylate, and glyoxylate biosynthetic pathway was proposed from the identifica-
tion of two genes essential for acetate utilization and encoding the 
crotonyl-coenzyme A reductase (ccr) and a vitamin B12-depedent mutase (meaA) 
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(Han and Reynolds 1997). The two pathways synthesize glyoxylate from acetyl-
CoA and require propionyl- CoA carboxylase (Bramwell et al. 1996).

In addition many anaplerotic enzymes can play an important role shuffling inter-
mediates from the TCA cycle and the EM pathway in the absence of glycolytic 
carbon sources. S. coelicolor can grow on glutamine or asparagine as sole carbon 
sources, and the complete gluconeogenic pathway has been found in genomes of S. 
avermitilis, S. coelicolor, and S. griseus (Borodina et al. 2005). The enzyme malate 
dehydrogenase, normally used to generate NADPH for fatty acid synthesis, is 
repressed in Streptomyces in the presence of acetate and is only active in exponen-
tial growth paralleling the fatty acid synthesis, (Behal et al. 1969). The ability to 
grow on pyruvate or alanine on sole carbon source is due to the pyruvate phosphate 
dikinase activity that allows the interconversion of pyruvate into PEP, an enzyme 
that is induced by pyruvate or alanine. Some actinomycetes can secrete pyruvate 
and TCA intermediates to the medium when grown on glucose probably as a result 
from the imbalance between glycolysis and the TCA cycle. This secretion has been 
reported in some Streptomyces species growing both in exponential phase and enter-
ing the stationary phase (Dekleva and Strohl 1988).

Actinomycetes catabolize other carbohydrate sources following different spe-
cific pathways. Galactose catabolism is regulated by the products of the galactose 
operon galTEK in S. lividans that encodes a galactose-1-phosphate uridylyltransfer-
ase (GalT), a UDP-galactose-4-epimerase (GalE), and a galactose kinase (GalK) 
(Adams et al. 1988). The operon is under the control of both a galactose-inducible 
and glucose-repressed promoter as well as a constitutive promoter (Brawner et al. 
1997). The requirement of galactose-1-phosphate and UDP-galactose for galactosyl 
lipid biosynthesis suggests the dual anabolic and catabolic role of both GalE and 
GalK. In the case of xylose, xylose isomerase is the first enzyme of xylose metabo-
lism in Streptomyces interconverting xylose and xylulose. The enzyme also has a 
glucose isomerase activity converting glucose and fructose. This enzyme has been 
extensively studied in different species given its applications in food industry 
(Dauter et al. 1989). Two genes of the xylose catabolism pathway, the xylose isom-
erase gene xylA and the xylulose kinase gene xylB, are induced by xylose and 
repressed by glucose in different extension (Wong et al. 1991). The regulation of 
xylA has been studied in many species and shown to be inducible by xylose or 
xylan. Streptomycetes metabolize glycerol using a glycerol-inducible pathway 
involving a glycerol transport system repressed by glucose (GylC), a glycerol kinase 
(GylA), and a glycerol-3-phosphate dehydrogenase (GylB), and a repressor GylR 
encoding upstream of the operon (Biro and Chater 1987; Seno and Chater 1983)

7.3.2  Carbon Catabolite Repression and Stringent Response

Carbon catabolite repression (CCR) is exerted on extracellular and intracellular 
catabolic enzymes and ensures that the cell can use preferentially the different 
carbon sources available. Carbon catabolite repression is a global control system 
in streptomycetes and includes repression by glucose and other monosaccharides. 
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In most bacteria, the phosphoenolpyruvate-dependent phosphotransferase system 
(PTS) plays a major role in CCR, and PTS-mediated transport activates the 
cAMP- receptor protein or the catabolite control protein of Gram-negative or low-
GC Gram-positive bacteria, respectively (Brückner and Titgemeyer 2002). In 
streptomycetes, glucose transport is mediated by the major facilitator superfamily 
transporter GlcP, and glucose stimulates glycolysis as well as the pentose phos-
phate pathway (van Wezel et al. 2005) and until recently CCR has been consid-
ered to be totally mediated by the glycolytic enzyme glucose kinase. Glucose 
kinase not only converts glucose to glucose-6-phosphate but also plays a key role 
in CCR, an effect independent of the glucose kinase activity and the flux of glu-
cose. The ATP- dependent glucose kinase belongs to the group III family of glu-
cose kinases that contain a ROK (Repressor of Kinases) signature found in diverse 
families of proteins (Titgemeyer et al. 1994). Glucose kinase is produced consti-
tutively in S. coelicolor but the enzymatic activity is also dependent on the growth 
phase and carbon source (van Wezel et al. 2007). Mutants lacking glucose kinase 
are unable to grow on glucose as sole carbon source and present no glucose regu-
lation in several carbon catabolite regulated genes (van Wezel et al. 2007). More 
recently, advanced proteomics analysis of a glucose kinase mutant has permitted 
to identify a second pathway for carbon control of primary metabolism indepen-
dent of glucose kinase. It has been shown that if glucose kinase mainly mediates 
CCR for enzymes involved in primary and secondary metabolism and precursors 
for natural product synthesis, other pathways such as the enzymes of the urea 
cycle or the biosynthesis of γ-butyrolactone are under control of a glucose kinase-
independent CCR, proposing a new model for CCR in streptomycetes (Gubbens 
et al. 2012). In fact, it was found that pyruvate phosphate dikinase involved in the 
production of PEP from pyruvate is massively repressed by glucose in a glucose 
kinase-independent action. Enzymes involved in amino acid metabolism and 
transport were strongly downregulated by glucose in the glucose kinase mutant. 
One of the proteins more intensively repressed was SCO0977, an enzyme that 
belongs to the family of signaling N-acetyltransferases involved in Acyl-CoA-
dependent transfer. Furthermore, contrary to other sugar and amino acid trans-
porters repressed as expected by glucose and dependent on glucose kinase, the 
xylose transporter was activated by glucose independently of glucose kinase.

Another regulatory point in Streptomyces metabolism is related to the morpho-
logical and metabolic differentiation and the stringent response that is normally 
triggered by nutrient limitation and cessation of growth. Most streptomycetes 
present a classic stringent response, and starvation for amino acids leads to an 
intracellular accumulation of ppGpp and pppGpp, nucleotides that are responsible 
for the inactivation of transcription of mRNAs, tRNAs, and other ribosomal oper-
ons, which is translated into a transient cessation of growth. In starvation condi-
tions, RelA is activated by the binding of uncharged tRNAs to the ribosome under 
conditions of nitrogen and amino acid starvation inducing the production of (p)
ppGpp by RelA from GTP and ATP. The level of (p)ppGpp is determined by the 
balance of two related activities, a pyrophosphokinase (or synthetase) and a 
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pyrophosphohydrolase. SpoT produces (p)ppGpp in response to several nutrient 
stresses, such as carbon, phosphate, iron, and fatty acid starvation. An increase of 
nucleotide ppGpp causes dramatic changes in the physiology, and stringent 
response enhances transcription of genes associated with growth, secondary 
metabolism, adaptation, survival, persistence, cell division, motility, develop-
ment, and virulence (Potrykus and Cashel 2008). The exact mechanism by which 
ppGpp operates upon such a large number of genes needs to be clarified in close 
connection with secondary metabolism (Hesketh et al. 2007).

7.3.3  Carbon Storage Compounds

Different carbohydrates such as glycogen, trehalose, or triacylglycerols have been 
identified as carbon storage compounds. Glycogen has been reported to accumulate 
as reserve in the mycelium and the spores of different Streptomyces species, and its 
use has been related to the different development stages of the cells. The presence 
of glycogen was confirmed in S. viridochromogenes (A27) during the formation of 
the septa in aerial hyphae disappearing after spore maturation (Brana et al. 1982). 
Glycogen accumulation was demonstrated in the substrate mycelium at the onset of 
the aerial mycelium development, with reserves being used as the aerial mycelium 
was developed (Mendez et al. 1985). The analysis of the glycogen synthetic genes 
revealed two biosynthetic systems encoding isoenzymes operating in different cell 
development stages as shown for S. coelicolor A3(2) and S. aureofaciens (Homerova 
et al. 1996; Martin et al. 1977). Trehalose is a disaccharide found in the substrate 
mycelium of all Streptomyces that is synthesized from GDP-D-glucose and glucose- 
6- phosphate, contrary to what is found in insects and fungi that use as donor UDP- 
D- glucose (Elbein 1968; McBride and Ensign 1987). This disaccharide is cleaved 
by a trehalase to release glucose. The trehalase activity increased after spore germi-
nation whereas the trehalose phosphate synthase activity increased with cell mass 
production, supporting the role of the trehalose as carbon and energy storage in 
spores (Hey-Ferguson et al. 1973).

7.3.4  Nitrogen Metabolism

Together with carbon catabolite repression, nitrogen catabolite repression controls 
a large number of amino acid catabolism systems. Carbon catabolite repression is a 
global control system in streptomycetes and includes repression by glucose and 
other monosaccharides but does not play a large role in controlling amino acid 
metabolism as in other bacteria. In contrast, nitrogen catabolite repression plays a 
key role in control of primary metabolism. It has been shown in S. clavuligerus that 
glutamine synthetase, urease, or arginine catabolic enzymes are subject to ammo-
nium repression whereas the enzymes involved in serine, proline, or histidine catab-
olism are not (Bascaran et al. 1990).
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7.3.4.1  Amino Acid Catabolism
Different routes are followed to catabolize the families of amino acids introduced 
by permeases upon action of the extracellular proteases. Tryptophan is a precursor 
of NAD+ biosynthesis in S. antibioticus as well as some secondary metabolites such 
as actinomycin D and streptonigrin and is catabolized in all studied streptomycetes. 
Most of the strains accumulate anthranilate and formyl-anthranilate as a result of 
this catabolism that proceeds via formyl-kynurenine to generate in two steps 
hydroxyl-anthranilate (Katz et al. 1984). Two isoenzymes have been identified for 
kynurenine formamidase, the second stage of the pathway. The first one is expressed 
constitutively in low levels and may be responsible of the NAD synthesis, and the 
second is induced during the production of actinomycin D. The metabolism of phe-
nylalanine and tyrosine differs according to the strains studied. Phenylalanine 
ammonia-lyase has been shown to be responsible of the non-oxidative deamination 
to cinnamate in S. verticillatus (Emes and Vining 1970), whereas in S. setoni both 
phenylalanine and tyrosine can be completely metabolized via homogentisate. 
Tyrosinase also plays a role in the tyrosine metabolism to form melanin. Histidine 
can be processed via formyl glutamic acid. Histidases from S. griseus and S. coeli-
color are regulated at posttranslational level and are inactivated by adenylation, 
whereas they are activated by urocanate, an activator of phosphorylated activator 
factor (Kroening and Kendrick 1989). Additionally, a histidine aminotransferase 
has been identified in S. tendae capable of transferring an amino group to pyruvate 
to form alanine. Proline catabolism involves a proline oxidase and a pyrroline- 5- 
carboxylate dehydrogenase to form glutamate (Smith et al. 1995). Arginine is pre-
cursor of many secondary metabolites, and in S. clavuligerus it can be degraded by 
arginase and ornithine aminotransferase to glutamate and urea via ornithine and 
pyrroline-5-carboxylate. In S. griseus, arginine can be used both as carbon and 
nitrogen source to form aminobutyrate and succinate. Another route for arginine 
catabolism in streptomycin producing strains involves an amidinotransferase to 
from ornithine (Walker and Hnilica 1964). Branched amino acid catabolism pro-
ceeds via intermediates that are precursors of many secondary metabolites (Reynolds 
et al. 1988). Valine dehydrogenase is the first enzyme of the pathway and is respon-
sible of the deamination of all the branched-chain amino acids valine, leucine, and 
isoleucine. This enzyme is induced at different levels by all three branched amino 
acids but is also subject to glucose repression and, as observed when cultured in the 
absence of valine, to suppression of activity by increasing concentration of ammo-
nium (Vancura et al. 1987). The second enzyme in the pathway is an α-keto acid 
dehydrogenase responsible of the oxidative decarboxylation of the branched-chain 
2-oxo acid. The enzyme is induced by isovaline and repressed by ammonium 
(Lounes et al. 1995). Aspartate can be used as sole nitrogen source in S. fradiae 
given that it contains a glutamate:oxaloacetate transaminase (Lee and Lee 1993). 
Asparagine is hydrolyzed by asparaginase into aspartate and ammonium. The 
enzyme is subject to catabolite repression, whereas both asparagine and in less 
extent glutamine can operate as inducers (Mostafa 1979). Threonine is metabolized 
by threonine dehydratase and threonine aldolase (Vancura et al. 1988). Threonine 
dehydratase catalyzes the deamination to α-ketobutyrate in many streptomycetes, a 
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precursor of propionate, and in S. fradiae is induced by the amino acid. Threonine 
aldolase is another catabolic enzyme and catalyzes the splitting into glycine and 
acetaldehyde that may be converted to acetyl-CoA.

Lysine is a precursor of many important secondary metabolites such as β-lactams 
(Kern et al. 1980), and its catabolism usually follows the cadaverine pathway to 
finally generate glutarate (Fothergill and Guest 1977) that is catabolized via glutaryl- 
CoA and the fatty acid degradation pathway. Cadaverine aminotransferase is the 
second enzyme of the pathway, and it can be found in all streptomycetes. The 
enzyme is induced by lysine and cadaverine and repressed by ammonium and glu-
tamate (Madduri et al. 1989). The strains that produce β-lactams also contain a 
lysine ε-aminotransferase, the first enzyme of the a-aminoadipate degradation, and 
uniquely involved in β-lactam biosynthesis (Madduri et al. 1989). Alanine is catab-
olized in some strains by deamination to form pyruvate by the alanine 2- oxoglutarate 
transaminase. Alternatively an alanine dehydrogenase that is found in all streptomy-
cetes studied is also responsible of this catabolism. Ammonium and alanine can 
induce both enzymes in different levels according to the strains used (Novak et al. 
1997). Serine dehydratase has been shown to be involved in serine metabolism in S. 
clavuligerus (Bascaran et al. 1989). The strain is unable to grow on serine as sole 
nitrogen source, suggesting its role in serine detoxification. There is little informa-
tion about cysteine catabolism in streptomycetes, and the transsulfuration pathways 
could be considered a methionine catabolic pathway (Hagino and Nakayama 1968).

7.3.4.2  Nucleotide Catabolism
Thymine is catabolized via β-aminoisobutyrate by reduction to dihydrothymine, 
formation of β-ureidoisobutyric acid, cleavage to urea and β-aminoisobutyrate, 
deamination to methylmalonyl semialdehyde, condensation to form methylmalonyl- 
CoA, and formation of succinyl-CoA (O’Hagan et al. 1995). In the case of purines, 
the salvage pathway permits their interconversion, but streptomycetes also contain 
several pathways of hypoxanthine oxidation to urate. The most usual intermediate 
is xanthine and 6,8-dihydroxypurine that can be further catabolized to urate (Ohe 
and Watanabe 1977). When cells enter in exponential phase, xanthine dehydroge-
nase is induced to ensure oxidation of hypoxanthine. Hypoxanthine can be used as 
sole carbon source, and the catabolic form of the pathway is proposed to release 
ammonium for nitrogen assimilation.

7.3.4.3  Nitrogen Metabolite Biosynthesis
The shikimate pathway is responsible of the formation of chorismate, a common 
precursor of the aromatic amino acids tryptophan, phenylalanine, and tyrosine, as 
well as p-aminobenzoic acid, and is also precursor of NAD+. An important number 
of secondary metabolites are derived from intermediates of this pathway. 
Streptomycetes present only one form of isozyme of DAHP synthase (3-deoxy-D- 
arabinoheptulosonate-7-phosphate) described in bacteria for the first step of the shi-
kimate pathway. The enzyme is regulated cooperatively by tryptophan and 
chorismate as shown for S. antibioticus (Murphy and Katz 1980). The third enzyme 
of the S. coelicolor shikimate pathway (3-dehydroquinate dehydratase) has the 
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characteristics of an inducible catabolic enzyme also found in fungi (White et al. 
1990) and was observed as well in S. hygroscopicus, Amycolatopsis methanolica, 
and Mycobacterium tuberculosis (Euverink et al. 1992; Florova et al. 1998; Garbe 
et al. 1991). Chorismate is precursor of prephenate, anthranilate, and 
p- aminobenzoate. Prephenate dehydratases are insensitive to phenylalanine and 
tyrosine in S. antibioticus and S. viridochromogenes, whereas they are stimulated by 
tyrosine in S. niveoruber or by phenylalanine in S. venezuelae (Hodgson 2000). Two 
gene clusters are involved in the synthesis of the early and late enzymes of the tryp-
tophan pathway in S. coelicolor and S. venezuelae (Hu et al. 1999; Paradkar et al. 
1993). The anthranilate synthetase genes trpE and trpG were cloned by complemen-
tation with trpE and trpG mutants, and the whole genome sequence of S. coelicolor 
confirmed three trpE genes. Para-aminobenzoate is synthesized from chorismate by 
p-aminobenzoate synthethase and is a precursor of tetrahydrofolate as well as can-
dicidin and fungimycin (Gil et al. 1985; Hodgson 2000).

The four amino acids glutamate, glutamine, arginine, and proline are members of 
the glutamate amino acids. Proline biosynthesis occurs from glutamate via 
γ-glutamyl phosphate, glutamate semialdehyde, and pyrroline-5-carboxylate (Hood 
et al. 1992). Arginine is synthesized from glutamate by initial acetylation followed 
by additional seven enzymatic steps and is precursor of many important molecules 
such as streptomycin, sinefungin, or clavulanic acid (Udaka 1966).

The metabolism of branched-chain amino acids valine, isoleucine, and leucine 
proceeds via intermediates of polyketide and polyether antibiotics (Reynolds et al. 
1988). Isoleucine and valine are produced by the same enzymes but using different 
precursors: α-acetolactate is used in the case of valine and the condensation of pyru-
vate and α-ketobutyrate to form α-aceto-α-hydroxybutyrate in the case of isoleu-
cine. Leucine is synthesized via the isopropylmalate pathways, being the first 
intermediate α-ketoisovalerate, a product of the valine pathway.

The aspartate family of amino acids includes aspartate, asparagine, lysine, threo-
nine, and methionine. A number of important secondary metabolites are produced 
from lysine, including β-lactams. Lysine can be synthesized via the aminoadipate 
pathway or the diaminopimelate pathway. The use of the DAP pathway was con-
firmed in S. griseus, S. venezuelae, and S. clavuligerus, whereas in S. antibioticus 
and S. lipmanii, S. lavendulae used the aminoadipate pathway (Kirkpatrick and 
Godfrey 1973; Mendelovitz and Aharonowitz 1982; Sawada et al. 1977). The first 
enzymes that lead to DAP are aspartokinase and aspartate semialdehyde dehydroge-
nase. The product of aspartokinase is a precursor of methionine, threonine, and 
lysine. The stimulation of aspartokinase by lysine alone and the feedback inhibition 
by threonine plus lysine have been observed in several Streptomyces species (S. 
clavuligerus, S. noursei).

In the case of threonine, two enzymes, homoserine kinase and threonine syn-
thase, are unique for its synthesis, whereas homoserine dehydrogenase is used for 
alanine that is synthesized from pyruvate following two reactions, a transamina-
tion by alanine:oxoglutarate transaminase (AOAT)) or by an alanine dehydroge-
nase (ADH)-mediated condensation of ammonium with pyruvate. These enzymes 
are not shared by all Streptomyces species. Streptomyces with AOAT such as S. 
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avermitilis, S. cyanogenus, or S. hygroscopicus can generate alanine from gluta-
mate, but other Streptomyces species such as S. coelicolor or S. clavuligerus only 
contain ADH.

Glycine is synthesized from serine by the transfer of a hydroxymethyl group 
from serine to tetrahydrofolate. In the case of methionine, this amino acid is 
synthesized by the transfer of a methyl group from methyl-tetrahydrofolate to 
homocysteine.

The metabolism of sulfur-containing amino acids in Streptomyces differs from 
the rest of the bacteria by the presence of enzymes of the transsulfuration pathway 
found in eukaryotes, allowing the transfer of sulfur from methionine to cysteine. 
The thiosulfate pathway involves the reduction of imported sulfur to sulfide and 
thiosulfate which is then condensed to O-acetylserine sulfydrase, to form 
S-sulfocysteine that is finally reduced to cysteine (Kitano et al. 1985; Nagawasa 
et al. 1984). The transsulfuration pathway in streptomycetes permits the intercon-
version of methionine in cysteine as shown in S. clavuligerus, S. cattleya, and A. 
lactamdurans (Kern and Inamine 1981). The enzyme cystathionine-γ-lyase that 
cleaves L-cystathionine into cysteine is derepressed in sulfate-limited media and 
subjected to feedback regulation by cysteine. This enzyme is broadly distributed in 
many actinomycetes genera tested including Streptomyces, Micromonospora, 
Micropolyspora, and Streptosporangium, among others (Nagawasa et al. 1984). 
Another key enzyme is cystathionine β-synthase converting homocysteine to cysta-
thionine. Methionine is synthesized from cystathionine and homocysteine precur-
sors. Methionine is also a precursor of the methyl group donor S-adenosylmethionine, 
and once donated, S-adenosylhomocysteine can be hydrolyzed to adenosine and 
homocysteine, as reported in many actinomycetes, and the latter can be recycled in 
the synthesis of methionine (Walker and Duerre 1975)

7.4  Secondary Metabolites

In contrast to primary metabolites, secondary metabolites were defined originally as 
nonessential compounds produced by microorganisms not required for life mainte-
nance and for which no apparent function could be identified. Nevertheless, the 
production of secondary metabolites is tightly regulated and well coordinated with 
the bacterial life cycle. These molecules have shown to be involved in mycelial 
development, to confer adaptative advantages to the survival in the environment 
given their bioactivity, as well as to play a role in symbiosis or microbial communi-
cation (Berdy 2005; Chater et al. 2010; Hodgson 2000).

In fact, the capacity to produce multiple secondary metabolites can reflect the 
selective use of some metabolites according to the primary metabolic flux and 
the available precursors in the cell. In laboratory conditions, these compounds 
are frequently produced at the end of the vegetative growth when cells enter 
stationary phase and develop aerial mycelium taking advantage of the nutrient 
released by the breakdown of vegetative hyphae. Secondary metabolites are 
synthesized from precursor molecules and building blocks provided by primary 
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metabolism, and regulation in primary metabolism is directly influencing sec-
ondary metabolism. Secondary metabolites production is dramatically affected 
by changes in the primary carbon and nitrogen metabolite fluxes that can 
increase the supply or limit the access to key precursors (Bibb 2005; Borodina 
et al. 2008; Olano et al. 2008; van Keulen et al. 2011; Wohlleben et al. 2011). 
There are numerous examples of mutants in primary glycolytic pathways affect-
ing secondary metabolite production. These may involve the overproduction of 
some precursors or deletions preventing the synthesis of key metabolites of the 
biosynthesis of precursors of different antibiotics (Drew and Demain 1977; 
Sanchez and Demain 2002). The overproduction of malonyl-CoA, a common 
precursor of the synthesis of many polyketides, by overexpression of acetyl- 
CoA carboxylase, affects directly the production of these secondary metabolites 
as observed with actinorhodin in S. coelicolor (Ryu et al. 2006). The production 
of monensin by S. cinnamonensis is almost abolished by inactivation of croto-
nyl-CoA reductase, the enzyme that provides the precursor methylmalonyl- CoA 
(Li et al. 2004). The change from exponential growth phase to production phase 
can be paralleled by a change in the metabolic balance between the carbon flow 
into glycolysis and the pentose phosphate pathway, affecting the redox balance 
and the accumulation of other precursors (Borodina et al. 2008). RelA, the 
ribosome- associated ppGpp synthetase, is required for antibiotic production 
under conditions of nitrogen limitation as shown in Streptomyces coelicolor 
A3(2) and for cephamycin C production in Streptomyces clavuligerus, suggest-
ing the direct role for ppGpp in activating the transcription of antibiotic biosyn-
thetic genes (Hesketh et al. 2007).

From this perspective, and contrary to what we can observe in primary metabo-
lism pathways, the genes associated to the production of secondary metabolites are 
frequently clustered and under the control of transcriptional regulators modulating 
of their expression. Clusters for secondary metabolites contain pathway-specific 
regulators that can include one to multiple single regulatory genes or transcription 
factors that directly activate transcription of biosynthetic enzymes. In addition, they 
can act individually or in combination as it is the case with the transcription factors 
ActII-ORF4 and StrR from S. coelicolor and S. griseus modulating the expression 
of actinorhodin and streptomycin, respectively. In the case of S. griseus, the tran-
scription of the regulator is activated by a cascade of transcription activations medi-
ated by the levels of the A-factor, a γ-butyrolactone that acts as a microbial hormone. 
The A-factor binds to the repressor of transcription ArpA and induces the transcrip-
tion of AdpA, required for activation of transcription of strR, the pathway-specific 
regulatory gene for streptomycin production (Takano 2006; Van Wezel and 
McDowall 2011). γ-Butyrolactones are produced by many streptomycetes and by 
several other genera of actinomycetes, and most of them appear to be devoted to the 
regulation of secondary metabolism, being involved in the onset of secondary 
metabolism in several species. The virginiae butanolides (VB), IM-2 and SCB1, 
control, respectively, virginiamycin production in Streptomyces virginiae, showdo-
mycin and minimycin in Streptomyces lavendulae, and the production of the pig-
mented antibiotics Act and Red in S. coelicolor (Takano 2006).

O. Genilloud



171

Many of the pathway-specific regulators belong to the SARP family (Streptomyces 
antibiotic regulatory proteins). ActII-ORF4 is the first regulator that was described 
with a complex regulation involving different regulators such as AbsA2, a response 
regulator of a two component signal transduction system that acts as negative regu-
lator of several antibodies produced by S. coelicolor. SARP regulator has been 
described to be associated with secondary metabolic gene clusters in Streptomyces 
as well as species of the genera Mycobacterium, Nocardia, Thermobifida, and 
Lechevalieria that encode aromatic polyketides (angucycline, daunorubicin, 
medemycin), ribosomally and non-ribosomally synthesized peptides (cinnamy-
cin), undecylprodiginines, the type I polyketide monensin, and the β-lactam 
thienamycin.

LAL regulators (large ATP-binding members of the LuxR family) are another 
group of regulators related to the E. coli MalT from the LuxR family that have been 
found in many streptomycetes. LAL regulators can be found in the pikromycin 
cluster in S. venezuelae, the nystatin cluster in S. noursei (Brautase et al. 2000; 
Wilson et al. 2001), as well as in the amphotericin, candicidin, and geldanamycin 
clusters (Campelo and Gil 2002; Carmody et al. 2004; Rascher et al. 2003).

PtmR1 is another repressor of the biosynthesis of platensimycin and platencin 
identified in the platensimycin cluster in S. platensis (Smanski et al. 2009).

Carbon control of secondary metabolism is defined by the availability and type 
of carbohydrate. Secondary metabolite production is influenced by glucose and 
other carbohydrates not only by the extent of growth before the onset of the strin-
gent response but also by CCR that will ensure that preferred carbon sources are 
used instead of other sources less favorable energetically. N-Acetylglucosamine 
(GlcNAc), along with glutamate, is preferred as a carbon source over glucose by S. 
coelicolor, but GlcNAc has additional effects, as it can also block the development 
and antibiotic production when added in rich media, whereas in minimal media 
these processes are accelerated (Rigali et al. 2008). DasR is another key regulator of 
secondary metabolite biosynthesis, and it was initially identified as a repressor of 
N-acetylglucosamine PTS genes that can bind to the promoter of ActII-ORF4. 
DasR operates as nutrient sensor and effector of metabolic changes. Its binding 
affinity is reduced by glucose-6P that is an intermediate of N-acetylglucosamine 
metabolism. The transcription factor DasR that binds to the promoters of genes 
involved in the metabolism and transport of GlcNAc is directly involved in sensing 
the levels of GlcNAc and regulating the production of antibiotics.

Numerous studies have shown that the source of nitrogen can influence the pro-
duction of antibiotics that is frequently reduced by sources of nitrogen that favor 
growth (Sanchez and Demain 2002). The transcription of glnR gene that encodes 
the major regulator of nitrogen metabolism and other genes involved in ammonium 
transport and assimilation is also subjected to phosphate regulation and is repressed 
by PhoP (Rodríguez-García et al. 2009). In a number of biosynthetic pathways, 
conditions increasing amino acid formation may result in overproduction of second-
ary metabolites. Amino acids can function as inducers and turn on the production of 
secondary metabolites as it is the case of lysine for lysine-ε-aminotransferase in the 
cephamycin pathway of Streptomyces clavuligerus (Rius et al. 1996) or valine for 
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valine dehydrogenase of the tylosin process in Streptomyces fradiae (Nguyen et al. 
1995). The level of phosphate in growth media may have a substantial effect on 
antibiotic production, and a high level in the culture medium prevents the produc-
tion of many structurally diverse secondary metabolites and reflects repression of 
transcription of biosynthetic genes clusters (Martín and Demain 1980; Sola-Landa 
et al. 2003). This regulation is mediated by the PhoRP system that controls second-
ary metabolism and may be indirect, reflecting the inability to assimilate low levels 
of phosphate and maintain growth rate.

Similarly, disruption of zinc and iron homeostasis has been observed to influence 
secondary metabolism, and the effects on secondary metabolite production can be 
an indirect effect of the physiological stress.

 Conclusions

Future research in the physiology and regulation of the metabolism of 
Streptomyces spp. and other members of the actinomycetes and its influence on 
secondary metabolite production will benefit from the new functional genomic 
approaches and genome-scale metabolic analyses. These comparative approaches 
extended to a large number of wild-type strains will help to obtain a better insight 
of the global regulatory pathways that govern the interaction between primary 
and secondary metabolic processes among a large representation of this micro-
bial community. With no doubts further work is required to understand what the 
different roles of the multiple copies of the primary metabolism genes are to 
respond to specific responses of the microbial cells and why different regulatory 
pathways have been evolved and take place specifically in individual strains.

Current knowledge accumulated from the evidence obtained from more than 
four decades has shown that both primary and secondary metabolism are ele-
gantly interconnected in a complex network of regulatory signals that sense the 
environment and ensure the adaptation and survival in the microbial community. 
More comparative studies are still required to reveal common and unique trends 
that govern the expression and control of the metabolic pathways in a representa-
tive number of members of actinomycetes still unexplored to increase the chances 
of success in harnessing the extraordinary metabolic potential of these talented 
bacteria.
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8Regulation of Secondary Metabolites 
of Actinobacteria

Wolfgang Wohlleben, Agnieszka Bera, Yvonne Mast, 
and Evi Stegmann

8.1  Introduction

Regulation of secondary metabolite biosynthesis is a complex process, which 
depends on various factors and is mediated by global, as well as pathway-specific, 
regulators. As general factors, diverse physiological signals/conditions have been 
described to generally influence antibiotic biosynthesis, such as exposure to nutrient 
starvation/limitation (nutrient stress), reactive oxygen and nitrogen species (oxida-
tive/nitrosative stress), membrane damage (envelope stress), elevated temperature 
(heat stress), and ribosome disruption (ribosomal stress) (Poole 2012; Bibb 2005).

8.2  Growth Rate and Nutritional Control During Secondary 
Metabolite Production

Antibiotic production in streptomycetes occurs generally in a growth-phase- 
dependent manner (Demain 1995). In liquid culture, antibiotic production (exclud-
ing lantibiotics) is limited to stationary phase and coincides with reduction in growth 
rate or even growth cessation that is often a consequence of nutrient(s) depletion 
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(Demain et al. 1983; Bibb 2005). In solid culture, antibiotic production is tempo-
rally correlated with morphological differentiation triggered through nutrient star-
vation. Numerous studies have shown that availability of carbon, phosphate, and 
nitrogen source can influence antibiotic production. Stimulatory or inhibitory effect 
of the particular nutrient on the antibiotic production is determined by the develop-
mental program of the individual strain, type of the synthetized antibiotic, as well as 
variety of environmental stimuli and cultivation conditions employed (van Wezel 
and McDowall 2011).

8.2.1  Influence of Phosphate on Antibiotic Production

Although phosphate is indispensable for bacterial growth, phosphate limitation usu-
ally results in the stimulation of the antibiotic production in Actinobacteria (Martin 
2004) (Table 8.1). The cellular response to phosphate limitation is controlled by the 
two-component system PhoR-PhoP, which is widely distributed across prokaryotes 
(Santos-Beneit 2015). PhoR (membrane sensor kinase) senses and transmits the 
phosphate scarcity signal to PhoP (OmpR/PhoP family response regulator), which 
elicits the appropriate response on transcriptional level. PhoP is able to recognize 
and bind to PHO boxes (GTTCACC in S. coelicolor (Sola-Landa et al. 2008)) 
located in the upstream regions of PhoP target genes. The PhoP regulon includes 
genes necessary for phosphate scavenging, transport, and storage (Martin 2004), 
such as phoA, phoD (encoding alkaline phosphatases) (Apel et al. 2007), pstSCAB 
(encoding phosphate transporter system), pitH2 (encoding phosphate uptake sys-
tem) (Sola-Landa et al. 2005), ppk (encoding polyphosphate kinase) (Chouayekh 
and Virolle 2002), glpQ1 and glpQ2 (encoding glycerophosphodiester phosphodi-
esterases (GDPD)) (Santos-Beneit et al. 2009a), and SCO7697 (encoding phytase) 
(Boukhris et al. 2016; Sola-Landa et al. 2008). Apart from activation of pathways 
for phosphate scavenging, PhoP exerts its direct or indirect regulatory function on 
the cell wall/extracellular polymer biosynthesis, extracellular sugar phosphate 
assimilation (Tenconi et al. 2012), nitrogen assimilation, oxidative phosphorylation, 
nucleotide biosynthesis, and glycogen catabolism as well as on secondary metabo-
lite production and morphological differentiation (Allenby et al. 2012). Direct 
implication of the PhoP regulator in the transcriptional control of secondary metab-
olite clusters was reported only for four bacteria: S. lividans (Sola-Landa et al. 
2003), S. coelicolor (Santos-Beneit et al. 2009b; Fernández-Martínez et al. 2012; 
Thomas et al. 2012), S. natalensis (Mendes et al. 2007), and S. avermitilis (Yang 
et al. 2015). In S. lividans, deletion of phoP and phoRP resulted in an enhanced 
actinorhodin and undecylprodigiosin production on R5 medium (Sola-Landa et al. 
2003). Deletion of phoP in S. coelicolor increased actinorhodin and undecylpro-
digiosin production on R5 medium but decreased antibiotic production on defined 
medium supplemented with starch (Santos-Beneit et al. 2009b; Fernández-Martínez 
et al. 2012; Thomas et al. 2012), indicating that the PhoP effect is more complex and 
seems to be media dependent. Production of pimaricin increased up to 80% in com-
plex yeast extract-malt extract (YEME) or NBG media after deletion of phoP or 
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phoR-phoP in S. natalensis (Mendes et al. 2007). Transcriptional analysis revealed 
that four genes from the pimaricin cluster (pimS1, pimS4, pimC, and pimG) showed 
increased expression in the phoP mutant (Mendes et al. 2007). PhoP directly affects 
avermectin biosynthesis in S. avermitilis by repressing expression of the cluster- 
situated regulator AveR (Yang et al. 2015).

In several studies, a phosphate-dependent gene expression and activity of 
enzymes involved in secondary metabolite production were described, although no 
direct regulatory role of PhoP was detected. For instance, phosphate excess 
(7.5 mM) dramatically reduced expression of pabS, which encodes p-aminobenzoic 
acid (PABA) synthase involved in candicidin precursor biosynthesis in S. griseus 
(Asturias et al. 1990). Similarly high phosphate concentration abolished expression 
of the dalbavancin cluster-situated regulator Dbv4 in Nonomuraea sp. (Alduina 
et al. 2007). Interestingly, no PhoP-binding boxes were found in the promoter region 
of dbv4, as well as in the entire dalbavancin cluster, which suggests the involvement 
of an additional regulator or an indirect regulation by phosphate availability. 
Expression of three genes—otcC (encoding anhydrotetracycline oxygenase), otcY 
(encoding tetracycline polyketide synthase), and otcX (unknown function)—from 
the tetracycline cluster was observed only under phosphate-limiting conditions 
(McDowall et al. 1999).

In addition to PhoP-governed transcriptional regulation of several genes from 
different antibiotic clusters, activity of several enzymes was reported to be influ-
enced by the phosphate level. Activity of three enzymes involved in tylosin bio-
synthesis (dTDP-d-glucose-4,6-dehydratase, dTDP-mycarose-forming enzyme 
system, and SAM: macrocin O-methyltransferase) in Streptomyces T59-235 was 
significantly reduced under phosphate excess (30 mM) resulting in the inhibition 
of tylosin production (Madry and Pape 1982). High phosphate concentrations 
inhibited the activities of methylmalonyl-coenzyme A carboxyltransferase and 
propionyl- coenzyme A carboxylase during the production of tylosin in S. fradiae 
(Vu-Trong et al. 1981). The catalytic activity of deacetoxycephalosporin C syn-
thase from S. clavuligerus was inhibited by high levels of phosphate in cephalo-
sporin production medium (Zhang and Demain 1991). The phosphatases which 
catalyze the final biosynthetic step in some pathways cleaving biologically inac-
tive phosphorylated intermediates are often regulated via feedback inhibition or 
repression by phosphate (Martin and Demain 1980). For instance, accumulation 
of the inactive phosphorylated derivative of streptomycin was a consequence of 
the repression of the guanidinodeoxy- scyllo-inositol phosphate phosphatase in S. 
griseus (Miller and Walker 1970; Walker and Walker 1971). Production of viomy-
cin (Pass and Raczynska-Bojanowska 1968), spiramycin (Lounes et al. 1996b), 
and neomycin (Majumdar and Majumdar 1971) was inhibited by phosphate 
excess, which directly repressed expression or inhibited the activity of alkaline 
phosphatases.

Besides phosphate regulatory effects on the gene expression and enzyme activ-
ity, also an indirect phosphate implication in antibiotic production was reported. 
Phosphate limitation triggers stringent response leading to an increased production 
of the alarmone (p)ppGpp. Under phosphate limitation, (p)ppGpp levels are 
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controlled by the rshA gene product, a bifunctional enzyme involved in both synthe-
sizing and degrading (p)ppGpp (Ryu et al. 2007). The stringent factor (p)ppGpp 
was reported to stimulate secondary metabolism production and morphological dif-
ferentiation in streptomycetes (Ochi 1986; Strauch et al. 1991). Deletion of rshA in 
S. coelicolor influenced mycelial morphology, accelerated sporulation, and com-
pletely abolished actinorhodin production (Ryu et al. 2007).

Whereas phosphate limitation in most cases induces antibiotic production, also 
opposite effects are known. High phosphate concentrations (10–50 mM) were 
reported to trigger antibiotic production, as shown among others for methylenomy-
cin production in S. coelicolor A3(2), novobiocin production in S. niveus 
(Hoeksema and Smith 1961), picromycin production in S. venezuelae, and echino-
mycin (quinomycin A) production in S. echinatus (Formica and Waring 1983). 
Recently, a positive effect of high phosphate concentrations on the biosynthesis of 
the lantibiotic NAI-107 in Microbispora sp. ATCC-PTA-5024 was reported. In this 
study, phosphate positively influenced both growth and NAI-107 production up to 
a concentration of 5 mM. Higher phosphate concentrations (30 mM) did not pre-
vent NAI-107 production. However, in the presence of phosphate excess, no fur-
ther enhancement of NAI-107 production was observed (Giardina et al. 2014). 
Although the control of antibiotic production by phosphate has been profoundly 
studied, the molecular mechanism of this control in most investigated strains 
remains unclear.

Changes in the level of the inorganic phosphate influence both primary and 
secondary metabolism, forcing continuous adaptation of the cell to new condi-
tions (Martin 2004; Martin et al. 2011). This “metabolic homeostasis,” in response 
to phosphate imbalance, is assured by the interaction or competition between 
PhoP and other global regulators related to nutrition such as GlnR (Rodriguez-
Garcia et al. 2009), DasR (Rigali et al. 2008; van Wezel and McDowall 2011), and 
ArgR (Perez-Redondo et al. 2012). Additionally, a cross talk between PhoP and 
other pleiotropic regulators of secondary metabolite production and morphologi-
cal differentiation, such as AtrA (Allenby et al. 2012) and AfsR (Santos-Beneit 
et al. 2009a, b, 2011a), helps to adjust the nitrogen, carbon, and secondary metab-
olism in S. coelicolor to phosphate availability (Santos-Beneit 2015; Martin et al. 
2011).

8.2.2  Influence of Carbon on the Secondary Metabolite 
Production

Formation of secondary metabolites is not only influenced by phosphate availabil-
ity, but it is also subjected to regulation by the nature and concentration of the car-
bon source. A rapidly assimilated carbon source, such as glucose, favors high 
growth rate and usually represses secondary metabolite production through carbon 
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catabolite repression (CCR) (Sanchez et al. 2010). The CCR mechanism ensures the 
selective utilization of carbon sources when more than one carbon source is present 
in the environment (Romero-Rodríguez et al. 2016; Sanchez et al. 2010). Depletion 
of glucose from the medium often derepresses CCR-affected genes and induces a 
“metabolic switch” necessary for the assimilation of an alternative carbon source. 
Depletion of glucose lowers the growth rate and leads usually to the induction of 
secondary metabolite production.

8.2.2.1  Carbon Catabolic Repression by Glucose in Streptomycetes
Though the phosphoenolpyruvate-dependent phosphotransferase system (PTS) 
plays a dominant role in CCR in low-GC Gram-positive bacteria and Gram-
negative enteric bacteria, a direct role of the PTS in CCR by glucose in streptomy-
cetes has not been demonstrated (Butler et al. 1999; Nothaft et al. 2003; Parche 
et al. 1999; Rigali et al. 2006). In S. coelicolor, CCR by glucose involves the regu-
latory and catalytic activity of the glucose kinase (Glk) (Kwakman and Postma 
1994; Görke and Stülke 2008). Glk interacts with a glucose permease (GlcP) and 
converts glucose into glucose 6-phosphate (van Wezel et al. 2007). Unknown 
intracellular sugar metabolites activate Glk or an unknown factor that is required 
for posttranslational modification of this enzyme changing its catabolic activity 
into the regulatory one, resulting in CCR (van Wezel et al. 2007). In a glk deletion 
mutant, neither glucose nor any other readily usable carbon source exerts CCR 
(Görke and Stülke 2008). As Glk is not involved in the metabolism of alternative 
carbon sources, which are different from glucose, it was concluded that catabolic 
or regulatory activity of Glk, rather than the flux through Glk, is important for 
CCR (Kwakman and Postma 1994; Görke and Stülke 2008). This conclusion was 
supported by the observation that a heterologous Glk from Zymomonas mobilis 
restored glucose utilization, but not CCR, in S. coelicolor (Angell et al. 1994). 
Glk interacts with several proteins, such as glucose permease (GlkP) (van Wezel 
et al. 2005), protein SCO2127 (necessary for full activity of Glk) (Forero et al. 
2012), and SblA (involved in phospholipid catabolism) that seemingly determine 
the regulatory and catalytic activity of this bifunctional enzyme during CCR (van 
Wezel and McDowall 2011). Although the role of CCR and its effect on the sec-
ondary metabolite production has been extensively studied in S. coelicolor, the 
precise regulatory mechanism of Glk has to be elucidated (Romero-Rodríguez 
et al. 2016; van Wezel and McDowall 2011). Recently, a high-density microarray 
approach applied to S. coelicolor M145 under glucose repressed and non-repressed 
conditions revealed that glucose influenced the expression of 651 genes. However, 
comparison of the transcriptomic profile of S. coelicolor M145 with that of a ∆glk 
mutant complemented with a heterologous glkZm gene from Zymomonas mobilis 
(insensitive to CCR) revealed differential expression of 134 genes. From these 91 
were also affected by glucose, while only 43 appeared to be under control of Glk 
(Romero-Rodríguez et al. 2016). Most of the genes, of which expression was 
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influenced by glucose or Glk, encoded proteins involved in primary metabolism 
including glycolysis, pentose phosphate pathway, gluconeogenesis, as well as 
transport and utilization of secondary carbon sources such as maltose, xylose, 
glycerol, and glutamate (Romero-Rodríguez et al. 2016). In this study, 40 tran-
scriptional factors associated with CCR were reported, including GlnR (Tiffert 
et al. 2011), Rok7B7 (Swiatek et al. 2013; Park et al. 2009), GntR- like SCO3264 
(Romero-Rodríguez et al. 2016), or ArgR (Perez-Redondo et al. 2012) interlink-
ing directly or indirectly secondary metabolite production with CCR (Romero-
Rodríguez et al. 2016). Therefore, understanding the functions of the 
glucose- targeted transcriptional regulators and clarification of their transcrip-
tional network will be the major step forward in unraveling links between CCR 
and secondary metabolite production.

8.2.2.2  Influence of Glucose on Secondary Metabolite Production
CCR by glucose is strictly strain and secondary metabolite pathway dependent 
(Table 8.2). For instance, concentration of above 0.1% glucose prevents acti-
norhodin production in S. lividans by repressing the expression of AfsR2 (Kim 
et al. 2001); however, S. coelicolor is still capable to produce actinorhodin in 
the presence of 2.5% glucose. Actinorhodin production is completely abolished 
when S. coelicolor was cultivated on R5 medium supplemented with 3.6% of 
glucose (Forero et al. 2012). In S. peucetius var. caesius, anthracycline and 
doxorubicin production were negatively affected by glucose concentrations 
above 1.8% (Escalante et al. 1999). The production of retamycin in S. olindensis 
was subjected to CCR by even higher glucose concentrations of 2.5%, whereas 
lowering the glucose concentration to 1.0% restored retamycin production 
(Inoue et al. 2007). Furthermore, an elevated initial glucose concentration nega-
tively influenced chloramphenicol productivity, but did not delay the initiation 
of antibiotic biosynthesis in S. venezuelae batch cultivations (Bhatnagar et al. 
1988). Although the CCR is normally caused by glucose, other rapidly metabo-
lizable carbon sources, such as glycerol, maltose, mannose, sucrose, xylose, and 
citrate, can also cause repression (Sanchez and Demain 2002) (Table 8.2). For 
example, S. niveus prefers citrate as a carbon source in the presence of glucose, 
and only after citrate is exhausted from the medium, novobiocin is produced at 
the expense of glucose (Kominek 1972). In S. clavuligerus, cephamycin C pro-
duction is subjected to CCR by glycerol (Aharonowitz and Demain 1978). The 
phenomenon of an abolished or delayed secondary metabolite biosynthesis due 
to CCR by glucose is not restricted solely to streptomycetes. Glucose represses 
the formation of many aminoglycoside antibiotics produced by actinomycetes, 
such as streptomycin, kanamycin, istamycin, and neomycin, via repression of 
biosynthetic enzymes (Piepersberg and Distler 1997; Demain 1989; Sanchez 
and Demain 2002). High glucose concentrations have also been reported to 
repress the formation of erythromycin in Saccharopolyspora erythraea (Sanchez 
and Demain 2002) and vancomycin in Amycolatopsis orientalis (Ayar-Kayali 
and Tarhan 2006).
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8.3  Regulatory Aspects of Nitrogen Metabolism

To respond to the changes in nitrogen availability, Actinobacteria have developed a 
complex regulatory system for nitrogen assimilation, comprising transcriptional and 
posttranslational control. The cellular response to nitrogen limitation on the transcrip-
tional level is controlled by the global nitrogen response regulator GlnR, of which the 
regulatory role was broadly explored for S. coelicolor (Amin et al. 2016; Fink et al. 
2002; Tiffert et al. 2008, 2011; Wray et al. 1991; Wray and Fisher 1993), S. venezue-
lae (Pullan et al. 2011), M. smegmatis (Amon et al. 2008; Jenkins et al. 2013), M. 
tuberculosis (Malm et al. 2009), A. mediterranei (Yu et al. 2007), and S. erythraea 
(Yao et al. 2014). The GlnR regulon in S. coelicolor comprises genes, which are 
directly involved in nitrogen assimilation, including the amtB-glnK-glnD operon 
(ammonium transporter AmtB—PII signal protein GlnK—adenylyltransferase 
GlnD), nasA (nitrate reductase), nirB (nitrite reductase), ureA (urease), glnA (gluta-
mine synthetase I), glnII (glutamine synthetase II), gdhA (NADP-specific glutamate 
dehydrogenase), nnaR (HemD-like transcriptional regulator), and seven additional 
genes encoding proteins of unknown function (Amin et al. 2012; Reuther and 
Wohlleben 2007; Tiffert et al. 2008; Wang and Zhao 2009). Proteomic analysis dem-
onstrated a more comprehensive regulatory role of GlnR in connection with central 
carbon metabolite pathways in S. coelicolor M145 (Tiffert et al. 2011). Over 50 pro-
teins associated with amino acid biosynthesis and carbon metabolism have been 
shown to be differentially expressed between the parental strain S. coelicolor M145 
and a glnR mutant (Tiffert et al. 2011). GlnR- mediated control of carbohydrate trans-
port (Liao et al. 2015) and regulation of ectoine biosynthesis (Shao et al. 2015a, b) 
extended the role of GlnR beyond the regulation of nitrogen assimilation. Direct 
implication of GlnR in the transcriptional regulation of secondary metabolite cluster 
has been described only for validamycin biosynthesis in S. hygroscopicus var. jing-
gangensis 5008 (Qu et al. 2015). Here, GlnR was shown to act as an activator and 
repressor by binding within the valK- valA intergenic region of the validamycin gene 
cluster (Qu et al. 2015).

Nitrate assimilation in S. coelicolor undergoes cooperative control by two regu-
lators: GlnR and NnaR. This was shown by the deletion of glnR or nnaR, which 
each resulted in a growth defect on defined solid medium with nitrate (Amin et al. 
2012; Tiffert et al. 2008). Expression of the nitrate assimilatory genes in S. coeli-
color (nnaR, narK, nasA, nirBD) is activated by GlnR under general nitrogen limi-
tation. However, expression of nitrate assimilatory genes is enhanced by the 
synergistic binding of NnaR and GlnR in the presence of nitrate (Amin et al. 2012). 
Remarkably, a nnaR mutant showed a defect in aerial mycelium and spore forma-
tion, as well as in antibiotic production on defined solid medium supplemented with 
different nitrogen sources (Amin et al. 2012). This result indicates direct or indirect 
association of the NnaR regulator with secondary metabolite production not only 
during growth on nitrate.

Regulation of nitrogen metabolism in S. coelicolor is very complex and, depend-
ing on the conditions, involves additional control by other regulators, such as GlnRII 
(Fink et al. 2002), PhoP (Martin et al. 2011; Rodriguez-Garcia et al. 2009; 
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Santos- Beneit 2015; Sola-Landa et al. 2013; Wang et al. 2012), Crp (Gao et al. 
2012), AfsR (Santos-Beneit et al. 2012), AfsQ1 (Wang et al. 2013), and ArgR 
(Perez-Redondo et al. 2012). Involvement of such regulation results in a fine-tuning 
of the nitrogen metabolism to the physiological requirements of the cell during 
growth and secondary metabolite production. PhoP exerts its negative control on the 
transcription of glnR, glnA, glnII, and amtB-glnK-glnD upon phosphate limitation 
(Rodriguez- Garcia et al. 2009). Crp plays an important role at the interface of pri-
mary and secondary metabolism. This pleiotropic regulator controls few genes from 
the nitrogen metabolism, including glnA, glnII, and amtB-glnK-glnD but not glnR 
(Gao et al. 2012). Crp also contributes directly to the regulation of multiple antibi-
otic clusters in S. coelicolor as well as affects the expression of enzymes needed for 
their precursor supply (Gao et al. 2012). AfsR is a positive regulator of actinorhodin 
and undecylprodigiosin biosynthesis in S. lividans and S. coelicolor. AfsR regulates 
expression of GlnR in the response to unknown nutrient stress stimulus adjusting 
thereby nitrogen metabolism during secondary metabolite production (Santos- 
Beneit et al. 2009a, b, 2011a, b, 2012). In S. coelicolor, the availability of glutamate 
is recognized by the two-component system AfsQ1-AfsQ2. AfsQ1 is a pleiotropic 
regulator involved in the control of actinorhodin, undecylprodigiosin, and CDA pro-
duction via the direct transcriptional activation of the pathway-specific regulatory 
genes actII-ORF4, redZ, and cdaR encoding regulators for antibiotic biosynthesis 
(Chen et al. 2016; Wang et al. 2013). Moreover, AfsQ1 is implicated in the regula-
tion of the nitrogen, carbon, and phosphate metabolism in the presence of glutamate 
(Wang et al. 2013). Glutamate is a key nitrogen precursor of many secondary 
metabolites and the most abundant intracellular metabolite in S. coelicolor described 
as a “trigger of metabolic switching” (Borodina et al. 2005; Nieselt et al. 2010; 
Wentzel et al. 2012a, b).

Regulation of nitrogen metabolism occurs not only on the transcriptional level; 
few examples of posttranslational regulation have also been described. In S. coeli-
color, the posttranslational control of ammonium uptake is achieved by the interac-
tion of GlnK—nitrogen sensor protein PII—with the ammonium transporter AmtB 
in dependence of ammonium level. GlnK is inactivated by the GlnD-mediated ade-
nylylation or specific proteolysis (removal of the three N-terminal amino acids) in 
response to high ammonium concentrations (Reuther and Wohlleben 2007). So far, 
it is not clear to what target the GlnK/GlnD system transfers its signal to. Deletion 
of GlnK resulted in the medium-dependent bald phenotype (no aerial mycelium or 
spores were formed) and abolished actinorhodin production (Waldvogel et al. 2011). 
Comparative transcriptomic analysis confirmed involvement of GlnK in the regula-
tion of nitrogen metabolism and morphological differentiation, as well as secondary 
metabolite production in S. coelicolor M145 (Waldvogel et al. 2011). Another 
example of regulation on the posttranslational level was described for the glutamine 
synthetase GSI. The regulation of GSI occurs via the bifunctional adenylyltransfer-
ase GlnE, which is responsible for the reversible adenylylation and deadenylylation, 
depending on the nitrogen status of the cell (Reuther and Wohlleben 2007; Fink 
et al. 1999). Recently, also acetylation of GSI was reported for S. erythraea (You 
et al. 2016). The acetylation of GSI in S. erythraea did not influence enzyme 
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activity but modulated its interaction with the regulator GlnR and enhanced GlnR-
DNA binding to the target promoter (You et al. 2016). Interestingly, posttransla-
tional modifications of the GlnR regulator, such as phosphorylation and acetylation, 
influenced the GlnR-DNA binding and consequently expression of GlnR target 
genes under physiologically relevant conditions in S. coelicolor (Amin et al. 2016).

8.4  Influence of Nitrogen Sources on the Regulation 
of Secondary Metabolite Production

The nature and concentration of the nitrogen source are crucial for the regulation of 
secondary metabolite production in Actinobacteria. Ammonium is the preferred 
nitrogen source for most Actinobacteria. It can easily be assimilated by the gluta-
mate dehydrogenase (GDH) at high ammonium concentrations or at lower ammo-
nium concentration by the GS-GOGAT consisting of glutamine synthetase(s) (GSI, 
GSII) and glutamate synthetase (GOGAT). Almost all Actinobacteria possess both 
GDH and GS-GOGAT. Alternatively, ammonium can be assimilated via the coop-
erative activity of an alanine dehydrogenase (ADH) and an alanine transaminase 
(AT) (Novák et al. 1997) present additionally in the GDH and GS-GOGAT path-
ways. This has been shown for S. venezuelae (Shapiro and Vining 1983), S. noursei 
(Gräfe et al. 1977), S. fradiae (Vancura et al. 1989), S. hygroscopicus (Chipeva et al. 
1991), S. aureofaciens (Vancurova et al. 1989), S. clavuligerus (Aharonowitz and 
Friedrich 1980), and S. erythreus (Roszkowski et al. 1969). However, not all ammo-
nium assimilation systems are required simultaneously (Brana and Demain 1988).

Although the presence of high ammonium concentrations generally positively 
correlates with the growth rate, ammonium usually represses utilization of alterna-
tive nitrogen sources and delays the onset of secondary metabolite production. 
Thus, exhaustion of ammonium favors a lower growth rate and stimulates antibiotic 
production in many species including S. hygroscopicus (Chipeva et al. 1991), S. 
pristinaespiralis (Voelker and Altaba 2001), S. noursei (Jonsbu et al. 2000), S. floc-
culus (Wallace et al. 1990), S. venezuelae (Shapiro and Vining 1983, 1984), S. lac-
tamadurans (Cortes et al. 1984), and others (Table 8.3). The repressing effect of 
ammonium ions could be successfully reduced by the addition of various 
ammonium- trapping agents, such as Mg3(PO4)2 × 8H2O and Ca3(PO4)2 resulting in 
an increased production of different secondary metabolites, for example, spiramy-
cin (Untrau et al. 1992; Lounes et al. 1995), streptonigrin (Wallace et al. 1990), 
gilvocarcin (Byrne and Greenstein 1986), tylosin (Masuma et al. 1983), cephalo-
sporin (Brana et al. 1985), leucomycin (Omura et al. 1980), and nanaomycin 
(Tanaka et al. 1984). The mechanism of ammonium repression was elucidated for 
the biosynthesis of tylosin in S. fradiae and spiramycin in S. ambofaciens (Lebrihi 
et al. 1992; Lounes et al. 1996a). In both cases, ammonium directly inhibited the 
activity of enzymes involved in the catabolism of amino acids such as valine, threo-
nine, leucine, and isoleucine, decreasing the precursor pool required for antibiotic 
biosynthesis. However, in some rare cases, the presence of high ammonium concen-
trations may favor the antibiotic production. For instance, production of the 
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ribosomally synthetized lantibiotic NAI-107 in Microbispora sp. ATCC-PTA-5024 
is strongly stimulated by ammonium in a concentration range between 50 and 
100 mM, whereas limitation of this nitrogen source completely abolished NAI-107 
production (Bera and Walter to be published).

Instead of ammonium, nitrate can be assimilated by Actinobacteria as an alternative 
nitrogen source. Interestingly, not nitrate depletion but nitrate excess enhances second-
ary metabolite production in Actinobacteria—referred to as a “nitrate stimulating 
effect” (Jiao et al. 1979; Shao et al. 2015a). For instance, addition of 80 mM or 178 mM 
potassium nitrate into the fermentation medium reduced the growth rate and remark-
ably stimulated production of the rifamycin SV in A. mediterranei U32 (Shao et al. 
2015a, b) and rifamycin B in A. mediterranei NCH (El-Tayeb et al. 2004), respectively. 
The “nitrate stimulating effect” was extensively investigated on the transcriptional and 
metabolic level in A. mediterranei. The presence of nitrate positively influenced expres-
sion of genes encoding enzymes involved in glycolysis, pentose phosphate pathway, 
and tricarboxylic acid cycle, leading to the enhanced acetyl-CoA production simulta-
neously resulting in a shift of the malonyl-CoA flux from the fatty acid biosynthesis to 
rifamycin SV biosynthesis (Shao et al. 2015b). A similar “nitrate stimulating effect” 
was shown in the production of the polyketide antibiotic SBR-22 in Streptomyces 
BT-408. However, in this case instead of potassium nitrate, ammonium nitrate was 
added to the fermentation medium (Sujatha et al. 2005). Nitrate was also the best nitro-
gen source for lincomycin, lividomycin, azalomycin B, meroparamycin, magnamycin, 
erythromycin, and MSW2000 production (Table 8.3), but the molecular mechanism of 
this nitrate-mediated stimulation has not been investigated so far.

Amino acids, especially glutamate, are also a very important source of nitrogen for 
the production of secondary metabolites. Glutamate catabolism involves the activity 
of the catabolic glutamate dehydrogenase (GdhB) resulting in the generation of alpha-
ketoglutarate subsequently incorporated into the TCA cycle (Kim and Kim 2016). 
GdhB and glutamate utilization have been shown to interfere with N-acetylglucosamine 
metabolism governed by the transcriptional regulator DasR (Rigali et al. 2008), par-
ticipating in the onset of secondary metabolism in S. coelicolor (Kim and Kim 2016). 
Elimination of the assimilatory glutamate dehydrogenase (GdhA) caused enhanced 
activity of GdhB and intracellular accumulation of alpha-ketoglutarate in S. tsuku-
baensis resulting in a shift of metabolic flux that enhanced tacrolimus biosynthesis 
(Huang et al. 2013). Glutamate can be utilized as nitrogen or carbon source and is 
preferred as a carbon source over glucose. It favors growth, as well as antibiotic pro-
duction in S. coelicolor (van Wezel et al. 2005; Wentzel et al. 2012a) and S. lividans 
(D’Huys et al. 2011). Production of pristinamycin in S. pristinaespiralis was posi-
tively influenced by glutamate and arginine. However, glutamate was first consumed, 
and then glucose and arginine were used, indicating that glutamate was mainly used 
as an energy source (Voelker and Altaba 2001).

The nature and the concentration of amino acids used as a nitrogen source may 
enhance or affect antibiotic production depending on the secondary metabolite bio-
synthetic pathway and the host. For example, spiramycin production was positively 
influenced by lysine, isoleucine, and valine. But one amino acid, threonine, com-
pletely abolished spiramycin production in S. ambofaciens (Lebrihi et al. 1992). 
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However valine, leucine, isoleucine, and threonine have been shown to be good 
nitrogen sources for the production of tylosin in S. fradiae. Production of pyrazolo-
isoquinolinone antibiotics (APHE) was greatly enhanced by lysine, but supplemen-
tation of the production medium with histidine completely abolished APHE 
production in S. griseocarneus (Cruz et al. 1999). The influence of particular amino 
acids on antibiotic biosynthesis is determined by the chemical structures of the anti-
biotic itself, regulation of the biosynthetic pathway, and metabolic potential of the 
producing strain. Some amino acids can be directly incorporated in antibiotic mol-
ecules as precursors, or their amino groups can be transferred to specific intermedi-
ate products (Aharonowitz and Friedrich 1980; Cheng et al. 1995; Doull and Vining 
1990; Martin and Demain 1980; Omura and Tanaka 1986).

While different nitrogen sources may stimulate or inhibit antibiotic production, 
general nitrogen limitation leads to activation of a global stringent response result-
ing in onset of antibiotic production. Nitrogen (and also glucose) limitation elicits 
global stringent response leading to an increased production of the alarmone (p)
ppGpp. Under amino acids or glucose starvation, (p)ppGpp levels are controlled by 
the relA gene product. RelA is a bifunctional enzyme conferring both (p)ppGpp 
synthetase and hydrolase activities (Chakraburtty and Bibb 1997). RelA deletion 
mutants were unable to produce antibiotics, actinorhodin, and undecylprodigiosin, 
as well as the stringent factor (p)ppGpp in S. coelicolor (Chakraburtty et al. 1996). 
However, negative regulation of secondary metabolite biosynthesis by (p)ppGpp in 
a S. clavuligerus was also demonstrated. Although the relA deletion mutant in S. 
clavuligerus was affected in morphological differentiation and (p)ppGpp biosynthe-
sis, production of antibiotics (clavulanic acid and cephamycin C) increased mark-
edly compared to the wild type (Gomez-Escribano et al. 2008).

8.5  Signaling Molecules Governing Antibiotic Biosynthesis

As described above (Sects. 8.2–8.4), antibiotic production in Actinobacteria can be 
influenced by many different physiological signals. The pathway-specific regulation 
of antibiotic biosynthesis most often is guided by organic low-molecular-weight 
compounds, such as γ-butyrolactones (GBLs). Thereby, the regulation principles are 
similar to those of the N-acylhomoserine lactone-driven quorum-sensing system in 
Gram-negative bacteria (Polkade et al. 2016). Quorum sensing is known to play a 
major role in the regulation of secondary metabolite production and/or morphogen-
esis in the phylum Actinobacteria, which constitutes one of the largest phyla among 
Bacteria. However, so far only 9 (2.6%) of 342 genera have proven experimental 
evidence for the use of quorum-sensing regulation systems, including Actinoplanes, 
Amycolatopsis, Bifidobacterium, Kitasatospora, Leifsonia, Micromonospora, 
Mycobacterium, Propionibacterium, and Streptomyces. Thereby, it is apparent that 
most of what is known about quorum sensing in Actinobacteria comes from studies 
of antibiotic-producing taxa, whereby the residual genera within the phylum are not 
explored extensively (Polkade et al. 2016). Due to this, we here will concentrate on 
the regulation processes in the well-studied antibiotic- producing genus Streptomyces.
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8.5.1  γ-Butyrolactone Signaling

GBL molecules trigger secondary metabolite synthesis in streptomycetes by a hor-
monelike modulatory mechanism. GBLs are synthesized during the early exponen-
tial growth phase. They diffuse freely through the cellular membrane and gradually 
accumulate in a growth-dependent manner, reaching their maximum concentration 
at about ~100 nM at or near the middle of exponential phase (Horinouchi and Beppu 
2007). When the GBL concentration reaches a certain critical threshold (which can 
lie between 1 and 1000 nM according to the antibiotic-producing organism) (Yang 
et al. 2015), a quorum sensing-like signaling cascade is switched on in an all-or- 
nothing principle, which affects the streptomycetal physiological and/or morpho-
logical differentiation. At least 60% of all Streptomyces species are suggested to 
produce GBLs (Yamada 1995), whereby phylogenetic analyses suggest that the 
actual number is even larger (Polkade et al. 2016). This corresponds to the finding 
from a BLAST analysis that each of nine Streptomyces genomes had one to three 
GBL synthase (afsA)-like genes, indicating that GBL effectors are a near-universal 
feature of streptomycetes (Niu et al. 2016).

Although the first GBL was described already ~50 years ago (Khokhlov et al. 
1967), still relatively little is known about the biological function and the synthesis 
of these hormonelike molecules in streptomycetes. To date, up to 20 GBL-like sig-
naling molecules have been identified in different Streptomyces species, including 
S. griseus, S. virginiae, S. coelicolor, S. lavendulae, and S. rochei (Willey and 
Gaskell 2011; Takano et al. 2000; Arakawa et al. 2012). All GBL-like molecules 
have a characteristic 2-(1′-oxo or 1′hydroxyalkyl)-3-hydroxymethylbutyrolactone 
skeleton. Due to minor differences in the chemical structure, they have been classi-
fied into three major groups based on the length and branching of the alkyl side 
chain and the reduction state and stereochemistry of the hydroxyl group at C-1 of 
the alkyl side chain: the A-factor type (1′-keto type) (e.g., A-factor from S. griseus), 
the virginiae butanolide type ((1′S)-hydroxy type) (e.g., VB-A-E from S. virginiae), 
and the IM-2 type ((1′R)-hydroxy type) (e.g., IM-2 from S. lavendulae, SCB1 from 
S. coelicolor) (Martín and Liras 2010) (Fig. 8.1).

Besides the abovementioned GBL-like substances, also chemically different 
small molecules have been found to act as signaling molecules, such as methyleno-
mycin furan in S. violaceoruber and S. coelicolor, which induce methylenomycin 
production; avenolide in S. avermitilis, which induces avermectin biosynthesis; or 
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Fig. 8.1 Chemical structure of different representatives of the three major groups of 
γ-butyrolactones
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PI factor from S. natalensis, which induces primaricin production (Yamada 1999; 
Martín and Liras 2010). Thus, signaling is not only restricted to GBL-like mole-
cules but also to chemically different substances.

However, all hormonelike effector molecules act in a similar mechanistic man-
ner: They bind to their cognate receptor protein, which generally is a TetR-like 
protein that—in the absence of effector molecules—represses the transcription of 
its target gene(s). In the presence of a sufficient amount of signaling molecules, an 
effector/receptor complex is formed, which dissociates from the promoter region(s) 
of the respective target gene(s) and thus allows expression of the derepressed 
gene(s). Well-known examples for such an interaction are ArpA from Streptomyces 
griseus that senses the A-factor (Onaka and Horinouchi 1997), BarA from S. vir-
giniae that binds virginiae butalonides (Kinoshita et al. 1997), JadR3 sensing 
SVB1 in S. venezuelae (Zou et al. 2014), FarA binding IM-2 in S. lavendulae (Kitani 
et al. 1999), or AvaR1 sensing avenolides in S. avermitilis (Kitani et al. 2011). The 
receptor protein generally acts as a superordinate regulator controlling the transcrip-
tion of other regulatory gene(s), which in the end results in a hierarchical structured 
signaling cascade that drives the antibiotic biosynthesis (shown exemplary in 
Fig. 8.2). The lowest end of the signaling cascade is characterized by (a) pathway- 
specific regulator(s) that directly activate(s) the transcription of the antibiotic bio-
synthetic genes, which ultimately leads to antibiotic production (Bignell et al. 2007; 
Suzuki et al. 2010; Mast et al. 2015).

GBLR

TetR

SARP

SARPSARP

Antibiotic structural genes

RR TetR

Fig. 8.2 Schematic model 
for antibiotic signaling 
cascade. Regulators are 
represented by ellipses. 
GBLR γ-butyrolactone 
receptor, TetR TetR-like 
regulator, SARP SARP- 
type regulator, RR response 
regulator. GBLs are 
indicated as yellow 
diamonds. Antibiotic and/
or intermediates are shown 
as gray spheres. Arrows 
indicate transcriptional 
activation, perpendicular 
lines represent 
transcriptional repression. 
Dashed line illustrates 
antibiotic (intermediate) 
production
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8.5.2  Antibiotics as Signaling Molecules

Interestingly, it was found that streptomycetes often harbor multiple putative GBL 
receptor homologues, which do not sense GBLs as effector molecules but instead 
antibiotics or intermediates thereof. Thus, these receptors were designated as 
“pseudo”-GBL receptors (Xu et al. 2010; Wang et al. 2011). Examples include ScbR2 
from S. coelicolor, which binds actinorhodin and undecylprodigiosin as effectors 
(Wang et al. 2011), JadR2 from S. venezuelae which senses jadomycin and chloram-
phenicol (Zou et al. 2014), and Aur1R from S. aureofaciens which binds auricin as a 
ligand (Novakova et al. 2010). The suggested role of pseudo-GBL receptors is to 
coordinate antibiotic biosynthesis by binding and responding to antibiotics as signals 
(Xu et al. 2010). Thereby, the antibiotics act as autoregulators in a similar mechanistic 
way as the GBLs and control their own biosynthesis. Interestingly, some of these 
pseudo-GBL receptors can bind more than one and structurally different antibiotics 
implying that there is a cross-regulation between different biosynthetic pathways via 
these receptor proteins (Niu et al. 2016). The genes encoding pseudo-GLB receptors 
are usually under control of real GBL receptors. Occasionally, pseudo-GBL receptors 
are directly involved in the regulation of GBL biosynthesis, as they bind to the pro-
moters of GBL biosynthetic genes (Wang et al. 2011). Thus, there is obviously a tight 
and highly coordinated interplay between different types of effectors that influence 
antibiotic biosynthesis, which involves feedback, as well as feed-forward mechanisms 
of regulatory control (Kormanec et al. 2014; Foulston and Bibb 2011).

However, not only GBL-receptor-type regulators have been found to sense anti-
biotics as ligands but also pathway-specific so-called “atypical” response regula-
tors, such as RedZ from S. coelicolor, which binds undecylprodigiosin; JadR1 from 
S. venezuelae, which binds jadomycin (Wang et al. 2009); SimReg1 from 
Streptomyces antibioticus, which senses simocyclinone (Horbal et al. 2012); or 
SsaA from Streptomyces sp. SS, a more unique type of transcriptional regulator, that 
recognizes sansanmycin (Li et al. 2013). Thereby, the secondary metabolites act as 
autoregulators of their own biosynthesis and by binding to the response regulator 
abolish the transcriptional activation process (of antibiotic biosynthesis and/or 
resistance genes) in a concentration-dependent manner (Wang et al. 2009). Actually, 
the response to antibiotic signals may not only be transmitted by the transcriptional 
regulators alone but may also involve sigma factor/anti-sigma factor pairs that 
induce feed-forward antibiotic biosynthesis, for example, reported for microbispo-
ricin production in Microbispora corallina (Foulston and Bibb 2011). Altogether, 
this unveils that regulation of antibiotic biosynthesis is highly complex and employs 
different types of effectors and transcriptional regulators.

8.5.3  Interspecies Signaling in Streptomycetes

A lot of research studies deal with a specific regulatory mechanisms in a given 
antibiotic-producing strain. However, only very few studies cover comprehensive 
regulatory networks that control antibiotic biosynthesis. The best investigated 
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system so far is the A-factor signaling cascade, which triggers streptomycin produc-
tion as well as morphological differentiation in S. griseus (Horinouchi 2002; 
Horinouchi and Beppu 2007). Interestingly enough, there are several evidences by 
now that Streptomyces-derived antibiotic effectors can also serve as interspecies 
signaling molecules (Nodwell 2014), e.g., GBLs from different Streptomyces spe-
cies have been found to resemble identical chemical structures (e.g., SVB1 from S. 
venezuelae and SCB1 from S. coelicolor (Zou et al. 2014)) implying that the respec-
tive effector producers can signal to each other. Besides, it has been shown that a 
given pseudo-GBL receptor can sense antibiotics from different Streptomyces spe-
cies (ScbR2 from S. coelicolor, which normally senses actinorhodin and undecyl-
prodigiosin, binds jadomycin—an antibiotic from S. venezuelae (Wang et al. 2014)), 
meaning that there is a cross talk between different antibiotic biosynthetic path-
ways. Overall, these few examples only allow a glimpse into the interwoven and 
interacting signaling machinery that influences antibiotic production and indicates 
that regulation of antibiotic biosynthesis is far more complex than previously 
thought. In future studies, such interactions might be elucidated with more advanced 
methods, for example, MS/MS-based networking techniques that enable the inter-
rogation of specialized metabolites directly from microbial colonies (Fang and 
Dorrestein 2014).

8.5.4  Positive Control Mechanisms

Transcriptional activation of antibiotic biosynthetic genes can either occur through 
promoter eliciting activation upon binding of an appropriate signal to its cognate 
regulator or by a direct activation of the target gene(s) through a transcriptional 
activator protein. Hereby, the transcriptional activators generally act by either stabi-
lizing the RNA polymerase-promoter complex or accelerating the transition of the 
open complex during transcription initiation (Romero-Rodríguez et al. 2015).

8.5.4.1  Two-Component Systems
Known activators of antibiotic biosynthesis include response regulators of two- 
component systems. Two-component systems consist of a sensor kinase that, in 
response to an effector molecule, phosphorylates and thereby activates a cognate 
response regulator, which in turn activates (or sometimes represses) the transcrip-
tion of its target gene(s). Usually, the genes encoding the sensor kinase and the 
response regulator are co-localized. One example is represented by the two- 
component system AfsQ1-AfsQ2 from S. coelicolor, consisting of the sensor kinase 
AfsQ2 and the response regulator AfsQ1. Here, AfsQ1 has been shown to directly 
activate the coelimycin P2 (yCPK) biosynthetic genes and indirectly stimulate the 
production of actinorhodin, undecylprodigiosin, and the calcium-dependent antibi-
otic via activation of the respective pathway-specific regulator genes (actII-ORF4, 
redZ, and cdaR, respectively) (Wang et al. 2012; Chen et al. 2016). However, in the 
meanwhile also numerous examples are known for functional unpaired, so-called 
“orphan” or “atypical” response regulators that activate antibiotic gene transcription 
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(see Sect. 8.5.2), which suggests that these regulators are a more abundant phenom-
enon in antibiotic-producing streptomycetes. Thus, the term “orphan”—even if it is 
meant in relation to “response regulator”—may not be the most appropriate one.

8.5.4.2  One-Component Systems
Actually, the predominant signal transduction systems in prokaryotes are repre-
sented by one-component systems (Ulrich et al. 2005). Such one-component system 
activators of antibiotic biosynthesis in streptomycetes include transcriptional regu-
lators that belong to the family of LuxR-, SARP-, AraC/XylS-, or LysR-type regula-
tors. Hereby, the sensor domain of the activator recognizes the effector molecule 
(except for the SARPs, which are not known to sense signals), whereas the DNA- 
binding domain binds to the promoter region of the target DNA and thereby acti-
vates gene transcription. Due to the significance of SARP-type regulators for the 
activation of diverse antibiotic biosyntheses, we here will concentrate only on this 
regulator type.

SARPs
One of the most prominent families of pathway-specific transcriptional activators is 
represented by the Streptomyces antibiotic regulatory proteins (SARPs); e.g., SARP 
genes were found within almost all biosynthetic gene clusters governing aromatic 
polyketide production (Rebets et al. 2008). This regulator type is rather phylum 
specific, since so far, SARPs have only been found in Actinobacteria and actually 
most of them are within streptomycetes (Romero-Rodríguez et al. 2015). Here, they 
generally act at the end of the signaling transduction cascade and directly activate 
the transcription of the antibiotic biosynthetic genes.

So far, numerous representatives of SARP-type regulators and their regulatory 
role have been described, such as ActII-ORF4 and RedD, which activate actinorho-
din and undecylprodigiosin production in S. coelicolor, respectively (Chakraburtty 
and Bibb 1997); TylS and TylT, inducing tylosin production in S. fradiae (Cundliffe 
2006); PapR1, PapR2, and PapR4 that activate pristinamycin biosynthesis in S. pris-
tinaespiralis (Mast et al. 2015; Mast and Wohlleben 2014); VmsS and VmsR induc-
ing virginiamycin biosynthesis in S. virginiae (Pulsawat et al. 2009); or Aur1PR2 
and Aur1PR3, which activate auricin biosynthesis in S. aureofaciens (Novakova 
et al. 2011) (Table 8.4). SARPs are characterized by a N-terminal bacterial tran-
scriptional activation domain (BTAD) consisting of seven α-helices and a C-terminal 
OmpR-like DNA-binding domain, which is predicted to interact with the major 
groove of the DNA (Wietzorrek and Bibb 1997; Tanaka et al. 2007). The SARP 
regulator induces gene transcription by binding to a tandemly arrayed set of hepta-
meric repeats within the promoter region of the target gene. Hereby, the SARPs 
specifically bind to direct repeat sequences (5′-TCGAGSS-3′) ~8 bp upstream of 
the -10 promoter element of the target genes and thereby overlap with the -35 
region. As the -35 region normally is the binding site for transcriptional repressors 
and not activators, the SARP-driven transcriptional activation is suggested to occur 
via a unique mechanism: The SARP-specific repeat sequences are separated from 
each other by 11 or 22 bp, which corresponds to one or two turns of the DNA helix, 
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respectively. According to that, the two repeat sequences appear on the same face of 
the DNA and are cooperatively bound by two SARP monomers, whereas the RNA 
polymerase (RNAP) is bound at the opposite site of the DNA helix. This kind of 
stable ternary DNA-(SARP)2-RNAP complex is responsible for the transcriptional 
initiation (Tanaka et al. 2007).

Interaction of Multiple Positive Regulators
In a given Streptomyces species, more than one SARP-type regulator can be involved 
in the transcriptional activation of antibiotic biosynthetic genes. In such a case, there 
is often a central, essential SARP activator, which controls the transcription of the 
hierarchical subordinate SARP regulator(s), such as SrrY controlling srrZ transcrip-
tion in the lankamycin/lankacidin producer S. rochei (Yamamoto et al. 2008), VmsR 
governing vmsS transcription in the virginiamycin producer S. virginiae (Pulsawat 
et al. 2009), or PapR2 guiding papR1 transcription in the pristinamycin producer S. 
pristinaespiralis (Mast et al. 2015). On the other hand, some of the subordinate regu-
lators are suggested to have a “SARP helper” activity and contribute to transcrip-
tional induction (e.g., PapR1 for pristinamycin production (Mast et al. 2015) or TylU 
for tylosin production (Bate et al. 2006)). However, there are also cascade examples 
where no such hierarchical SARP organization is described, for example, for 
Aur1PR3 and Aur1PR2 involved in auricin production, TylS and TylT involved in 
tylosin production, or NanR1 and NanR2 responsible for nanchangmycin production 
(Novakova et al. 2011; Bate et al. 2002; Yu et al. 2012; respectively).

As mentioned above, alongside the SARP-type regulators, there are numerous 
other transcriptional activators known to induce transcription of antibiotic biosyn-
thetic genes (see above, Table 8.4). All regulatory systems have in common that there 
is generally one major pathway-specific activator that drives the whole antibiotic bio-
synthesis. Especially these regulators are of particular interest as they can efficiently 
be applied either for optimizing antibiotic production processes or for the activation of 
silent gene clusters in order to identify novel anti-infective agents (see Sect. 8.6).

8.5.5  Negative Control Mechanisms

Transcriptional repression of antibiotic biosynthetic genes can occur by binding of a 
repressor to its target promoter, which prevents access by the RNA polymerase and 
thereby inhibits transcriptional initiation. Transcription can also be repressed when a 
repressor competes with an activator for its cognate-binding position within the pro-
moter region or when the repressor binds somewhere downstream of the promoter 
and thereby prevents elongation of the transcript (Romero-Rodríguez et al. 2015). 
Repressors of antibiotic biosynthesis in streptomycetes include transcriptional regu-
lators that belong to the family of TetR-, LysR-, DeoR-, GntR-, or MarR-type regula-
tors. Thereof, the TetR family of regulators is the most prominent one represented by 
more than 100 genes per species (Romero-Rodríguez et al. 2015). Thus, we here will 
concentrate on the regulatory principles of TetR-type regulators.

W. Wohlleben et al.



211

TetR-like regulators generally consist of an N-terminal DNA-binding domain 
with a HTH-motif and a C-terminal ligand-binding domain. In the absence of the 
cognate ligand, the DNA-binding domains of the TetR-like homodimer bind to 
AT-rich, symmetric, palindromic DNA sequences. These operator sequences often 
overlap with the promoter regions of the target genes. Thus, TetR binding to these 
operator sequences mostly blocks transcription of the genes. Upon binding of the 
cognate ligand to the C-terminal ligand-binding domain, the TetR-like regulator 
undergoes a conformational change that renders the repressor unable to bind DNA 
and thus allows transcription of the target genes (Ramos et al. 2005).

Different types of substances can serve as ligands, such as metals, GBLs, or 
antibiotics, as described above. The transcription of the antibiotic-related genes can 
either be released in a more direct way upon ligand-driven derepression of the TetR- 
like regulator, or additional regulatory genes are interposed so that the signal is 
transmitted rather indirectly (see Sect. 8.5.6).

An example for a simple ligand-dependent derepression is represented by the 
TetR-like regulator ActR from S. coelicolor, which after binding of actinorhodin or 
its intermediates is released from the promoter of the actAB operon encoding two 
actinorhodin exporter pumps. In this way, the binding of the antibiotic (intermedi-
ates) to the regulator allows expression of the actinorhodin exporters, which may 
protect the antibiotic-producing organism from self-killing (Xu et al. 2012; Tahlan 
et al. 2008). In a similar manner, the antibiotic simocyclinone and its intermediate 
from S. antibioticus lead to a derepression of the TetR-like regulator SimR allowing 
expression of the simocyclinone efflux pump SimX (Le et al. 2009).

8.5.6  Hierarchical Signaling Cascades

An example for a rather complex circuit is represented by the streptomycin signal-
ing cascade of Streptomyces griseus, where the A-factor binds to its cognate GBL 
receptor ArpA, which is released from the promoter region of adpA. AdpA is a 
global transcriptional activator and among others activates the transcription of the 
pathway-specific regulatory gene strR, of which the gene product switches on the 
transcription of the streptomycin biosynthetic genes and thus induces streptomy-
cin biosynthesis (Horinouchi 2002). In such a scenario, the whole signaling cas-
cade controls the antibiotic biosynthesis in a quite intricate manner because all of 
the interposed regulators can be interfaces for further regulatory interactions 
(Fig. 8.2). By now, there are several examples for such hierarchical signaling cas-
cades driving antibiotic biosynthesis, such as the regulatory networks controlling 
tylosin production in S. fradiae (Cundliffe 2006), virginiamycin biosynthesis in  
S. virginiae (Matsuno et al. 2004; Pulsawat et al. 2009), pristinamycin biosynthe-
sis in S. pristinaespiralis (Mast et al. 2015), auricin production in S. aureofaciens 
(Kormanec et al. 2014), or lankacidin/lankamycin biosynthesis in S. rochei 
(Arakawa et al. 2007). However, a satisfactory paradigm that allows a broadly 
defined understanding on how such signaling cascades operate is missing so far. 
Undoubtedly, understanding the principles that guide antibiotic biosynthesis is a 
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prerequisite for a targeted regulator-based strain engineering in order to increase 
the production of known antibiotics or to elicit the activation of silent antibiotic 
gene clusters in order to find new anti-infectives (see Sect. 8.6). Both aspects have 
been dealt with, e.g., in analyses of the pristinamycin regulatory cascade from  
S. pristinaespiralis. A simple approach to increase antibiotic production is to 
inactivate cluster-situated repressors and/or overexpress pathway-specific activa-
tors. This has successfully been applied for pristinamycin production, where the 
yield of the antibiotic was increased after overexpressing the SARP activator 
genes papR1 and papR2 (100% more pristinamycin than the wild type) and delet-
ing the TetR-like repressor gene papR5 (300% more pristinamycin than the wild 
type) (Mast et al. 2015). Besides that, it was observed that the overexpression of 
PapR2 in S. lividans activates the silent undecylprodigiosin gene cluster (Mast 
personal communication).

8.6  Induction of Silent Secondary Metabolite Clusters 
by Manipulating Gene Regulation

The continuously increasing genome sequencing data have revealed the presence of 
numerous cryptic pathways in Actinobacteria, which might encode novel secondary 
metabolites with interesting biological activities. However, utilization of this hidden 
potential has been hindered by the observation that many of these gene clusters 
remain “silent” (or “cryptic” or poorly expressed) under laboratory conditions. 
Silent gene clusters are clusters that are implicated in the synthesis of secondary 
metabolites based on their sequence annotations, but for which the specific indi-
vidual environmental signal required to trigger natural product biosynthesis is yet 
unknown. Expression of secondary metabolite clusters is typically under environ-
mental and/or developmental control and is mediated by complex regulatory 
cascades(Osbourn and Field 2009; Osbourn 2010; Bibb 2005).

Numerous reviews summarized the methods and discussed the problems, which 
may arise during the procedure of activating silent clusters (e.g., Rutledge and 
Challis 2015; Katz and Baltz 2016; Gomez-Escribano et al. 2016; Bibb 2013; 
Valayil 2016). In this review, we will focus only on induction of silent clusters by 
manipulating gene regulation. To date, two general strategies have been employed 
in order to force expression of silent gene clusters: induction of secondary metabo-
lite clusters in the native hosts (Sect. 8.6.1) or overcoming endogenous regulation 
by heterologous expression of the clusters (Sect. 8.6.2).

8.6.1  Induction of Silent Secondary Metabolite Clusters 
in the Native Host

One main prerequisite for the identification of novel natural products is the avail-
ability of methods for activating the expression of silent secondary metabolite clus-
ters. Since native producers, which have the potential for the synthesis of novel 
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secondary metabolites, possess the appropriate resistance genes and provide the 
required precursors, activating gene expression directly in the native host is a pre-
ferred strategy.

8.6.1.1  Nontargeted Approaches to Induce Expression of Silent 
Clusters in the Native Producers

The synthesis of secondary metabolites is often induced by environmental stimuli 
(see above), but in most cases the specific signal is not yet known. Hence, culturing 
of microbes in diverse media, one of which hopefully providing the required stimu-
lus, is a classic approach (often termed as OSMAC (one strain many compounds)) 
to activate silent gene clusters (Schiewe and Zeeck 1999; Abdelmohsen et al. 2014).

Additionally, many nontargeted approaches are described where the induction of 
gene expression was successful, e.g., by introduction of stress conditions (Doull et al. 
1993; Yoon and Nodwell 2014; Iftime et al. 2016) or co-cultures with other microor-
ganisms (Pettit 2009). Since production of secondary metabolites by microbes varies 
with composition of culture media and culture conditions (see Sects. 8.2–8.4), this 
approach combines two aspects of activation, the regulators and the elicitors.

The expression of biosynthetic gene clusters depends on a variety of pleiotropic 
transcriptional global regulators, which react on different (mostly unknown) stim-
uli. Regulators belonging to a particular class can be used to activate silent clusters 
in a heterologous host in a nontargeted manner. The manipulation of these regula-
tors enables the production of compounds encoded by silent clusters as reported by 
McKenzie et al. (2010): The authors heterologously expressed AbsA1, the pleiotro-
pic regulator of secondary metabolism from S. coelicolor, to activate pulvomycin 
production in Streptomyces flavopersicus, a metabolite not previously attributed to 
this species.

A recently developed screening platform for small molecule elicitors holds some 
promise for specific activation of selected gene cluster (Seyedsayamdost 2014). In 
this method, genetic reporter fusions monitor the activation of the silent cluster of 
interest, while high-throughput screening of small molecule libraries provides the 
candidate elicitors. Using this approach, two cryptic gene clusters in the pathogenic 
model organism Burkholderia thailandensis could be activated. Seyedsayamdost 
(2014) demonstrated that the majority of elicitors are antibiotics themselves, which 
kill B. thailandensis at high concentrations but act as inducers of secondary metabo-
lism at low concentrations. One of these antibiotics, trimethoprim, served as a 
global activator of secondary metabolism by inducing at least five biosynthetic 
pathways (Seyedsayamdost 2014).

These examples demonstrate that apparently many rather unspecific induction 
events can be utilized to switch on expression of biosynthetic gene clusters.

8.6.1.2  Targeted Approaches to Induce Expression of Silent Clusters 
in the Native Producers

The above-described methods cannot be applied to induce the biosynthetic gene 
cluster of interest specifically. However, the provision of the genome sequences of 
the producer strains, the in silico identification of clusters by bioinformatics tools, 
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and the knowledge of main regulatory networks offer the possibility to target bio-
synthetic gene clusters individually. Manipulation of pathway-specific regulatory 
genes, comprising the deletion of repressors or the constitutive or controlled expres-
sion of activators, is a possible approach (Sect. 8.5.6).

In S. ambofaciens, the deletion of alpW encoding a TetR-like negative regulator 
resulted in the constitutive production of kinamycins (Bunet et al. 2011); in S. coeli-
color A3(2), the synthesis of a type I polyketide (abCPK) and a yellow-pigmented 
secondary metabolite (yCPK) was activated after deleting a presumed pathway- 
specific regulatory gene (scbR2) that encodes a member of the γ-butyrolactone 
receptor family of proteins and which lies within the cpk biosynthetic gene cluster 
(Gottelt et al. 2010).

Besides the deletion of the negative regulators, another method to “deregulate” 
the expression of the biosynthetic gene is to constitutively express a particular regu-
latory gene activating a particular class of biosynthetic gene clusters independent of 
any stimuli. In S. ambofaciens ATCC23877, a putative regulatory gene encoding a 
regulator belonging to the LAL (Large ATP binding of the LuxR) family of proteins 
was identified. Its constitutive expression under the control of the strong ermE* 
promoter triggered the biosynthesis of four glycosylated macrolides, named stam-
bomycins A–D (Laureti et al. 2011).

Database searches identified genes encoding LAL regulators within numerous 
cryptic biosynthetic gene clusters in actinomycete genomes, suggesting that the 
constitutive expression of such pathway-specific activators represents a powerful 
approach for novel bioactive natural product discovery (Laureti et al. 2011).

Overexpression of positive regulatory genes in Streptomyces albus J1074 acti-
vated the biosynthesis of 6-epi-alteramides, candicidins, and antimycins (Olano 
et al. 2014).

Zhou et al. (2015) triggered the expression of the angucycline biosynthetic genes 
in Streptomyces chattanoogensis by overexpression of the pathway-specific activa-
tor gene under the constitutive ermE* promoter.

In Amycolatopsis japonicum, the production of the type III glycopeptide risto-
mycin A (ristocetin) was activated by the heterologous expression of the balhimy-
cin pathway-specific regulator gene bbrAba (Shawky et al. 2007) from Amycolatopsis 
balhimycina, the producer of balhimycin (Spohn et al. 2014). The two related 
species A. japonicum and A. balhimycina each harbor a glycopeptide gene cluster 
including a gene encoding a regulator, AjrR and BbrAba, respectively. However, 
under standard growth conditions, BbrAba initiates the transcription of the balhi-
mycin biosynthetic gene cluster in A. balhimycina, while AjrR does not induce 
the expression of the ristomycin biosynthetic genes in A. japonicum (Spohn et al. 
2014).

Luo et al. (2015) systematically identified a panel of strong constitutive promot-
ers, which were suitable to activate silent clusters in Streptomyces. Here, we 
describe two examples, where the insertion of the strong and constitutive ermE* 
promoter in front of selected genes activates the production of secondary metabo-
lites: (1) By insertion of the ermE* promoter into two clusters in front of genes 
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encoding non- ribosomal peptide synthetase (NRPS), polyketide synthase (PKS)-
NRPS hybrid and a cyclase/dehydrase, respectively, production of the blue pig-
ment indigoidine and of two novel members of the polycyclic tetramate macrolactam 
family (6-epi- alteramides A and B) was activated in S. albus J1074 (Olano et al. 
2014). (2) Insertion of the ermE* promoter upstream of the lanthipeptide synthe-
tase gene stcL resulted in the identification and isolation of streptocollin from 
Streptomyces collinus Tü 365, a new member of class IV lanthipeptides (Iftime 
et al. 2015).

The described examples demonstrate that the regulators (global or pathway spe-
cific) are a main factor in terms of expressing (silent) biosynthetic gene clusters. As 
the DNA-binding domains of defined regulator types are often highly similar to 
each other and since they often recognize equal DNA-binding motifs, it is a promis-
ing approach to compile and test a set of regulators that are able to activate antibi-
otic biosynthesis.

Guo et al. (2015) developed the reporter-guided mutant selection (RGMS) as a 
method for targeted activation of silent gene clusters. RGMS combines genome- 
scale random mutagenesis to generate genetic diversity and a promoter-reporter sys-
tem to facilitate selection of mutants in which the transcription of the targeted gene 
cluster was activated. The main features of this methodology include cloning of key 
promoter sequences from the gene cluster of interest in front of a reporter cassette 
to construct the reporter plasmids, introduction of the plasmids into the target strain 
followed by classical mutagenesis (UV, NTG, etc.) to introduce genome-scale dis-
turbances, and a selection system for identification of increased transcription from 
the target promoter in the mutant strains. The method can be used to unlock the 
complex regulatory circuits that often govern secondary metabolism. RGMS is a 
method to manipulate target gene(s) expression via genome-wide transmutations. 
Applying this method, two new anthraquinone aminoglycosides from Streptomyces 
sp. PGA64 were identified (Guo et al. 2015).

8.6.2  Induction of Silent Secondary Metabolite Clusters 
by Heterologous Expression

Heterologous expression has become a major strategy due to advances in genetic 
manipulation and the development of suitable chassis for expression of gene clus-
ters (Gomez-Escribano and Bibb 2012, 2014; Hwang et al. 2014; Luo et al. 2013; 
Ongley et al. 2013; Yamanaka et al. 2014). However, there are still many technical 
hurdles to overcome, which include the difficulty to clone large DNA fragments, 
the lack of concerted expression of the cloned genes, the limitation of precursor 
supply in the heterologous host, the toxicities of the end product or biosynthetic 
intermediates to the heterologous host, etc. Members of the order Actinomycetales 
are bacteria with high genomic G/C contents and a biased codon usage meaning 
that heterologous expression of biosynthetic gene clusters requires an adequate 
host, whose transcription and translation machinery is adapted to actinomycetal 
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genes. Because of the different needs at different stages of product discovery, 
development, and manufacturing, various expression hosts are needed (Baltz 
2016). The host should be capable of expressing many structural classes of sec-
ondary metabolites with minimal interference from host secondary metabolites, it 
should be easily genetically manipulable, and it should be capable of producing 
large quantities of specific secondary metabolite structural classes (Baltz 2016).  
A number of Streptomyces strains have been developed as suitable chassis for 
expression of gene clusters. S. albus J1074 has one of the smallest streptomycetes 
genome (6.84 Mb), which can be considered as naturally minimized genome 
(Zaburannyi et al. 2014). S. albus J1074 has been used for the expression (Baltz 
2010; Bilyk and Luzhetskyy 2014) of different types of secondary metabolites, 
e.g., steffimycin, an antitumor anthracycline (Gullón et al. 2006); moenomycin, a 
natural phosphoglycolipid antibiotic (Makitrynskyy et al. 2010); the polyketide 
pamamycin with antibacterial activities; the polyketide antibiotic griseorhodin; 
mensacarcin, a potential antitumor polyketide; the antimycobacterial anthracy-
cline antibiotic aranciamycin (Manderscheid et al. 2016); or the angucycline gre-
cocycline (Bilyk et al. 2016). Genome-minimized S. avermitilis strains (SUKA17 
and SUKA22) were generated by Komatsu et al. (2010, 2013) by deleting 1.67 Mb 
of nonessential genes from the 9.03 Mb genome. Gomez-Escribano and Bibb 
(2012, 2014) constructed S. coelicolor strains where the active secondary metabo-
lite gene clusters have been deleted. In addition, they possess an altered RNA 
polymerase and ribosome mutations, which positively affect antibiotic production 
in general (Hosaka et al. 2009). A number of recent publications described the 
successful heterologous expression of secondary metabolite gene clusters in S. 
coelicolor M1154, e.g., gene cluster encoded the synthesis of FK506 (tacroli-
mus), a clinically important immunosuppressant (Jones et al. 2013), of the class 
IV lanthipeptide streptocollin (Iftime et al. 2015) or of the polyketide antibiotics 
chaxamycins (Castro et al. 2015).

However, the production rates in the heterologous hosts frequently turn out to 
stay low, which might be due to either the missing coordination between the pri-
mary metabolism of the host and the specific demands of the introduced secondary 
metabolite pathway or the unbalanced general and specific regulatory events. 
Recently, a new strategy has been developed to directly screen for regulators in the 
host, which interact with introduced heterologous antibiotic biosynthetic pathways. 
The method combines an improved DNA affinity capturing assay with semiquanti-
tative mass spectrometry and is suitable to identify proteins that bind to promoter 
regions of a given antibiotic gene cluster (Bekiesch et al. 2016). This method turned 
out to be a sensitive tool to identify new regulatory proteins that drive heterologous 
antibiotic biosynthesis.
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9Symbiosis and Pathogenicity 
of Actinobacteria

Yitayal S. Anteneh and Christopher M.M. Franco

9.1  Actinobacterial Symbiosis with Microorganisms 
and Insects

9.1.1  Actinobacterial Symbiosis with Microorganisms

There is not much information about the symbiotic interaction between actino-
bacteria and other microorganisms. One common documented symbiotic inter-
action is between streptomycetes and rhizosphere fungi, where the bacteria 
promote the growth of the fungi (Maier et al. 2004). Specifically, formation of 
mycelia in the fly agaric (a known mycorrhizal fungus of Norway spruce) 
enhanced by auxofuran, a compound secreted by Streptomyces sp. AcH 505 
(Riedlinger et al. 2006). Co-culturing of the two symbionts promoted the syn-
thesis of auxofuran and WS-5995B (a powerful anti-plant pathogenic fungus) 
by Streptomyces sp. AcH 505. In the same manner, the interaction led to changes 
in the growth pattern, cytoskeletal structure, and levels of gene expression in fly 
agaric (Schrey et al. 2007).

9.1.2  Actinobacterial Symbiosis with Insects

Insects account for the largest percentage of all living things on earth and known by 
their active interactions with a myriad of microorganisms at different parts of their 
body (May 1988). Insects–microbe interactions mostly lead to remarkable promo-
tion of host fitness with few exceptions which result in unwanted outcome (Douglas 
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1998). Frequently, the microorganisms provide vital nutrient components which the 
host cannot synthesize or are available in low levels in their diet (Douglas 1998; 
Zientz et al. 2004), and in return the insect host provides protection against disease 
causing agents (Scarborough et al. 2005; Scott et al. 2008).

9.1.2.1  Actinobacterial Nutritional Interaction with Insects
Unlike with other microorganisms (Kaltenpoth 2009), nutritional interaction 
between insects and actinobacteria is not common. One documented symbiosis 
occurs between some species of Hemiptera like Pyrrhocoris apterus, Rhodnius 
prolixus, and Triatoma infestans with a few genera of actinobacteria, namely 
Coriobacterium, Rhodococcus, and Corynebacterium at different parts of their 
body including their guts (Ben-Yakir 1987; Durvasula et al. 2008; Haas and 
König 1988).

The insect host acquired microorganisms from their parents (transmitted ver-
tically) or through coprophagy (horizontally) (Durvasula et al. 2008; Kaltenpoth 
et al. 2009). Researchers have two views (Hill et al. 1976) about the importance 
of microbes to the insect host and mostly acknowledged the indispensable con-
tribution of microbes for reproduction and development of their host (Ben-Yakir 
1987; Durvasula et al. 2008; Baines 1956; Harington 1960). This beneficial 
interaction is manifested between microbes and R. prolixus, where microbes 
contribute to the host need for crucial vitamins (Hill et al. 1976; Baines 1956; 
Harington 1960).

Some species of gammaproteobacteria interact with tsetse fly and this finding 
highlights that, in addition to actinobacteria, some other bacteria also play a simi-
lar role in different insect hosts (Akman et al. 2002; Nogge 1981). In addition to 
the above insect species, some researchers isolated actinobacterial from the guts 
of termites and they highlight that the microbes may play a role for digestion of 
lignocelluloses (Breznak 1982; König and Varma 2006). As indicated above, the 
nutritional interaction between insects and actinobacteria was not studied well 
and further investigation to reveal what is going on in this symbionts is mandatory 
(König et al. 2006).

9.1.2.2  The Relationship Between Actinobacteria and Fungus- 
Growing Insects

Among many insect–microbe interactions, the most commonly investigated is the 
interaction between actinobacteria and leaf-cutting ants (Hymenoptera). The ants 
get their nutritional requirement from the growing fungal garden which are mark-
edly affected by Escovopsis, a pathogenic fungus (Currie and Stuart 2001). The ants 
utilize different mechanisms (Currie and Stuart 2001; Bot et al. 2002) to protect 
their nutrient source and one of them is the protective role of actinobacteria (Currie 
et al. 1999). One such type of interaction is the role played by the genus 
Pseudonocardia (Currie et al. 2006). This actinobacterium grows in the cuticle of 
the ants and secretes inhibitory compounds (dentigerumycin) against Escovopsis 
without any effect on the fungus garden (Haeder et al. 2009a; Oh et al. 2009a). 
Some also report the ability of Pseudonocardia to produce in vitro agents that 
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inhibit the growth of Escovopsis (Oh et al. 2009a; Carr et al. 2012). Besides 
Pseudonocardia, other microorganisms also play vital parts to protect the fungus 
garden (Haeder et al. 2009b; Kost et al. 2007; Mueller et al. 2008; Sen et al. 2009). 
One good example is a Streptomyces sp. which produces candicidin, an inhibitor of 
Escovopsis (Haeder et al. 2009b).

It has been observed that compounds produced by symbiotic actinobacteria 
exhibit different activities. On one side, Pseudonocardia and Amycolatopsis 
strains which were isolated from different ant species display a broad spectrum 
antifungal activity including the fungus garden (Sen et al. 2009). Opposite to 
this, in vivo infection of Acromyrmex nests with Escovopsis and Pseudonocardia 
revealed the protective role of the bacteria against the fungal pathogen (Poulsen 
et al. 2010).

In addition to ants, actinobacteria can also provide nutritional protective role 
for fungus-growing pine beetles (Dendroctonus frontalis) (Scott et al. 2008; Hulcr 
et al. 2011). In this interaction, Streptomyces provide antifungal compounds 
called mycangimycin which inhibits beetles pathogenic fungus (Ophiostoma 
minus) without causing any harm to the fungus garden (Scott et al. 2008; Oh et al. 
2009b). The oral secretion of some species of beetles like Dendroctonus rufipen-
nis contains actinobacteria such as a Micrococcus luteus which has potent antifun-
gal activities (Cardoza et al. 2006).

9.1.2.3  Symbiont Actinobacteria Protect the Insect Host 
Against Pathogens

In addition to protecting the nutritional resources of the host, symbiotic actinobac-
teria also protect the insect itself against pathogens, parasitoids or predators 
(Scarborough et al. 2005; Kaltenpoth et al. 2005; Oliver et al. 2003). One of the 
most common pathogenic defenses is observed between digger wasps (genus 
Philanthus) and Candidatus Streptomyces philanthi (Kaltenpoth et al. 2005; 
Kaltenpoth et al. 2006). The symbiont Streptomyces grow in the special body part 
of female wasps (Goettler et al. 2007) and release several antibiotics (Kroiss et al. 
2010) effective against different disease causing agents of the wasps (Koehler et al. 
2013). This type of defensive interaction observed in more than 30 species of the 
genus Philanthus and highlight this interaction between Streptomyces and wasps 
are specific (Kaltenpoth et al. 2006).

9.2  Symbiosis and Pathogenicity in Human

9.2.1  Actinobacterial Symbiosis with Human

The human body is home to complex communities of microorganisms. There are 
about 1014 microorganisms resident in the human body, which is nearly tenfold 
more compared to the total human cells (Savage 1977). These microorganisms are 
distributed in different anatomical sites of the body and their distribution is affected 
by the physicochemical nature of each site. Bacteria, due to their widespread 
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existence in the environment and ability to metabolize various substrates, are the 
most common symbionts of humans and other organisms (Dethlefsen et al. 2007; 
Turnbaugh et al. 2009). Many bacteria of the phylum Actinobacteria are common 
inhibitants of the human body and are considered as the part of normal microbial 
flora. Corynebacterium, Rothia, Actinomyces, and Bifidobacterium are the most 
common genera of actinobacteria encountered in the human body and their relative 
number at a particular site was most of the time associated with the health status of 
the host (Cho and Blaser 2012).

The following are the body distribution of common symbiotic actinobacteria in 
humans.

Corynebacterium
Corynebacterium belongs to the family Corynebacteriaceae within the suborder 
Corynebacterineae. The bacteria are distributed in different sites of the human body 
such as the trunk, legs, ear, nose, and mouth (Lemon et al. 2010). Most species of 
Corynebacterium such as Corynebacterium jeikeium are not associated with human 
disease with the exception of toxigenic Corynebacterium diphtheria which leads to 
a life treating disease (Gao et al. 2007).

Rothia
Rothia belongs to the family Micrococcaceae within the suborder Micrococcineae. 
Rothia dentocariosa is the most common representative of the group and the bac-
teria are the common flora of the oral cavity and pharynx (Aas et al. 2005; Zaura 
et al. 2009).

Actinomyces
The genus Actinomyces is a member of the family Actinomycetaceae within the 
suborder Actinomycineae. Actinomyces oris is the most common representative of 
the group and like Rothina, this genus is the normal resident of oral cavity (Aas 
et al. 2005).

Bifidobacterium
Bifidobacterium belongs to the family Bifidobacteriaceae in the order 
Bifidobacteriales. Bifidobacterium longum is a representative species of the 
group and they are normally distributed in the gastrointestinal system. With the 
exception of Bifidobacterium dentium, which is an opportunistic pathogen that 
colonizes the oral cavity, most of the species are nonpathogenic and mostly 
activate the host immune system and produce pathogen inhibitory substances 
(Miao and Davies 2010).

Even though there is much that is not known about the specific symbiotic role 
of microorganisms in humans, as a group microbial flora plays roles with respect 
to nutrition and defending the body against pathogenic organisms. Nutritionally, 
microbial flora in the intestine contributes to digestion of food particles through 
production of vital enzymes, vitamin synthesis, and epithelial cells development 
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(Tappenden and Deutsch 2007). Symbiotic microorganisms also defend the 
human body against pathogenic microorganisms in various ways. Microbial 
symbionts can enhance the overall resistance of the host and thus make them 
allocate large amounts of resources to defend themselves; microbial symbionts 
can provide protection to their host by competitively excluding pathogenic 
microorganisms; their interaction with symbiotic microorganisms can stimulate 
or prime the host’s immune system and thereby improve host defense against 
pathogens, and finally, microorganisms can produce bioactive compounds or 
their precursors and thereby contribute to their host’s defensive chemistry (Piel 
2004; Piel 2009).

9.2.2  Actinobacterial Human Diseases

Actinobacteria have been associated with a range of disease, where some are well 
known such as tuberculosis, leprosy, and diphtheria and the rest, such as nocardiosis 
and periodontal disease, gaining recent attention. This section will concentrate on 
the less well-known diseases caused by actinobacteria.

9.2.2.1  Actinomycetoma
Mycetoma, also known as Madura foot, is a subcutaneous disease caused by fungi 
(eumycetoma) and actinobacteria (actinomycetoma). The disease is distributed 
across the world, but most cases are between latitudes 30°N and 15°S (van de Sande 
2013). A high prevalence of the disease is observed in some parts of Asia, Africa, 
and Latin America, where farmers are the most severely affected subset of the popu-
lation (Samy et al. 2014).

Causative Agents
Mycetomas due to actinobacteria are responsible for 60% of the total disease burden 
in the world. Nocardia brasiliensis, Nocardia asteroides, Actinomadura madurae, 
Actinomadura pelletieri, and Streptomyces somaliensis are the most common agents 
of actinomycetoma and their relative frequency varies depending on geographical 
area and climate (Develoux et al. 1995).

Pathogenesis
Mycetoma which is caused either by bacteria (actinomycetoma) or fungi (eumyce-
toma) manifest by similar clinical pictures. The infection process commences fol-
lowing a traumatic inoculation of the bacteria into the skin followed by characteristic 
skin changes like tumescence with abscesses, nodules, sinuses (Fahal et al. 1998; 
Fahal et al. 2014), and exudate of granules from skin openings (Vera-Cabrera et al. 
2012). Even though it is not clear at present why some individuals develop myce-
toma while others do not, serological surveys in endemic areas indicated that those 
having antibodies did not developed disease and mycetoma cases may be attributed 
due to deficient cell mediated immunity (Mahgoub et al. 1977).
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Three types of tissue reactions which are similar to tuberculosis can be recog-
nized in the mycetoma disease process. During type 1 reaction, neutrophils 
engulf the grains or occasionally invade the grain and cause its fragmentation. 
Granulation tissues made of macrophages, lymphocytes, and plasma cells further 
occupy spaces outside the zone of neutrophils. There is a dominancy of mono-
nuclear cells in the periphery of where fibrous tissue is found compared to other 
cell types. This reaction also leads to hypertrophy of arterioles and edema in 
nerve cells. There are also cases of hypertrophy and hyperplasia in the sweat 
glands. The composition of tissue is altered in cases of type 2 reaction where 
grains are engulfed by macrophages and multinucleated cells rather than neutro-
phils. Finally, in type 3, a well-organized epithelioid granuloma with Langhans’ 
giant cells is formed. With the exception of some fungal particles in the center of 
the tissue, type 3 reactions are similar to type 1 and 2. In more advanced cases, 
fibrosis replaces lymphoid tissue and plasma cells with Russell’s bodies are also 
present. Both the innate and adaptive immune system together with several fac-
tors like hormonal status determine the prognosis of mycetoma (Fahal et al. 
1995; Millán-Chiu et al. 2011).

Diagnosis and Treatment
Actinomycetoma are diagnosed mainly by observation of typical signs and symp-
toms at the level of skin, and microscopic observation of the nature of granules 
helps to identify the causative agents. Furthermore, culturing of the granules for 
specific causative agents is also possible though the identification is not straightfor-
ward. Table 9.1 contains some of the characteristic microscopic observation of 
granules (Welsh et al. 2012).

The treatment of choice for mycetoma varies depending on the causative agents. 
In the case of eumycetoma, the current practice in most tropical countries are com-
binations of antimycotic agents with surgical removal of the affected area. The first 
line of drugs for eumycetoma is Itraconazole which is administered for a long 
period of time (Lee et al. 1995). It can also be treated with a combination of antibi-
otics for more than a month, where trimethoprim–sulfamethoxazole are considered 
as the standard drugs (Ramam et al. 2000).

Table 9.1 Causative agents 
of actinomycetoma grouped 
by appearance of typical 
intralesional grains (Welsh 
et al. 2012)

Agents Color of grains

Nocardia asteroids White

Nocardia brasiliensis White

Nocardia caviae White to yellow

Nocardia farcinica White to yellow

Nocardia transvalensis White

Nocardia dassonvillei Cream

Actinomadura madurae White to yellow or pink

Actinomadura pelletieri Red

Streptomyces 
somaliensis

Yellow to brown
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9.2.2.2  Nocardiosis
Nocardiosis is a general term for a rare disease of skin, lung, and different organs of 
the body with various degree of severity. The infection occurs both in immunocom-
petent and immunocompromised individuals.

Causative agents
Nocardiosis is caused by aerobic actinobacteria of the genus Nocardia. Nocardia 
differ from Actinomyces based on their mycolic acid content and the ability to grow 
in the presence of oxygen. There are more than 80 species of Nocardia and about 33 
responsible in causing of human infection (Brown-Elliott et al. 2006a; Roth et al. 
2003). Human infection mainly results due to N. asteroides complex which encom-
passes many species, where Nocardia farcinica is the most virulent compared to 
others (Wilson 2012).

Pathogenesis
Nocardia species are not a component of normal human flora but are distributed 
ubiquitously in the environment (Goodfellow and Williams 1983). At the level of 
the skin infection that results following a traumatic inoculation of the organisms, 
and from this site the bacteria spread to different parts of the body. In contrast, 
infection in the lung occurs following appearance of the organisms in the site from 
blood. Depending on the immune status of the patients, the site of infection, and the 
virulence of the bacteria, the clinical observation of nocardiosis varies. Suppurative 
necrosis and abscess are the most common manifestations of nocardiosis at the site 
of primary infection and the disseminated clinical picture observed mainly those 
with immunocompromised (Beaman and Beaman 1994).

Neutrophils and local macrophages contribute to the initial host response to 
nocardiosis. They inhibit and limit the spread of infection for certain degree until a 
specific cell-mediated response can occur. Different populations of T lymphocytes 
mediate a vital role in inhabiting the spread of the bacteria as it observed in different 
experiments in mice (Beaman and Beaman 1994; Deem et al. 1983; King et al. 
1999). Even though the role of humoral immunity is not clearly identified, few stud-
ies highlight the role of antibodies to facilitate clearance of the bacteria from the 
circulation (Beaman 1992; Davis-Scibienski and Beaman 1980). The role of B cells 
for the pathogenesis of nocardial infection is not clearly indicated (Rico et al. 1982). 
Depending on the sites of infection, nocardiosis can be clinically present with 
abscesses and nodular manifestations on the lung (Georghiou and Blacklock 1992; 
McNeil and Brown 1994; Minero et al. 2009), skin (Smego and Gallis 1984), and 
different internal organs, mainly liver, kidney, and spleen (Wilson 2012; Wilson 
et al. 1989).

Diagnosis and Treatment
Definitive diagnosis of nocardiosis is established by microscopic observation of 
characteristic hyphae that form a branch at right angles. In addition, observation of 
acid-fast bacteria from tissue section stained by either modified Kinyoun or the Fite- 
Faraco staining methods is helpful (McNeil and Brown 1994).
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The current drug of choice for treatment of nocardiosis are sulfonamides. 
Trimethoprim–sulfamethoxazole is an alternative treatment though some species 
such as Nocardia otitidiscaviarum, Nocardia nova, and N. farcinica have already 
developed some degree of resistance (Lerner 1996; McNeil et al. 1995). In addition 
to the abovementioned drugs, a number of β-lactam antibiotics like ceftriaxone and 
cefotaxime, and minocycline can be used as alternatives (Cercenado et al. 2007).

9.2.2.3  Actinomycosis
Actinomycosis is an infection of soft tissue that leads to sinus formation in the skin 
like nocardiosis. The infection occurs in all individuals irrespective of their immune 
status, and most of the time the clinical observation resembles tuberculosis and 
malignancy (Wong et al. 2011).

Causative Agents
Actinomycosis is caused by different species of Actinomyces which is only found in 
mammalian hosts. Most cases of human infection result from Actinomyces israelii, 
Actinomyces gerencseriae, Actinomyces turicensis, Actinomyces radingae, Actinomyces 
europaeus, Actinomyces naeslundii, Actinomyces odontolyticus, Actinomyces viscosus, 
and Actinomyces meyeri (Clarridge and Zhang 2002; Cone et al. 2003; Fazili et al. 2012; 
Pulverer et al. 2003).

Pathogenesis
Normally, Actinomyces exist in the oral cavity of humans and poor oral hygiene and 
dental caries increases the risk of infection. Any trauma in the gastrointestinal sys-
tem may be attributed for initiation of the infection process (Bennhoff 1984; Eng 
et al. 1981). Once infection is established, the inflammatory system induces a mani-
festation such as an indurated area, suppuration, and sinus. In some occasion, a 
characteristic sulfur granules ooze out from the sinus. Generally, for a clinical pic-
ture of actinomycosis observed in human cases, namely cervicofacial, thoracic, 
abdominopelvic, and cerebral actinomycosis depending on the final tissue or organs 
primarily affected by the bacteria (Bennhoff 1984). On very rare occasions in some 
species of Actinomyces, uncommon disease such as otitis and diabetic foot ulcers 
(Drancourt et al. 1993; Wüst et al. 1995), and risk factors like presence of intrauter-
ine–intravaginal devices promote the development of actinomycosis (Fiorino 1996).

Diagnosis and Treatment
The confirmatory diagnosis of actinomycosis depends on the observation of the 
causative agent from sterile sites. Sometimes, the characteristic sulfur granules may 
not appear during microbial diagnosis depending on type of the disease. Culture, 
Gram stain, and serology are other alternatives for diagnosis of actinomycosis 
depending on the site of infection (Bennhoff 1984; Lewis et al. 1995; Miller et al. 
1995; Ng et al. 2012). Cases of actinomycosis are treated easily with β-lactams 
particularly penicillin G or amoxicillin (Smith et al. 2005).
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9.2.2.4  Whipple Disease
Whipple disease is an uncommon systemic infection caused by an unusual actino-
bacterium (Raoult et al. 2000; Relman et al. 1992). The disease was first discovered 
by George Hoyt Whipple in 1907 and considered the only disease of gastrointestinal 
system associated with malabsorption. However, recent observations indicate that 
this disease can affect most parts of the body (Relman et al. 1992; Herrmann et al. 
2014), with low prevalence (Arnold et al. 2012).

Causative Agents
Tropheryma whipplei is the only species of this genus associated with human cases, 
though the relationship with its human host is still not well understood. The bacte-
rium has unique properties compared to other actinobacteria: a rod-shaped gram- 
positive bacterium with a much smaller genome of 927,303 base pairs, low G+C 
content of 46%, deviation from Koch’s postulates, and the ability to grow in human 
fibroblast cell lines (Raoult et al. 2000; Crapoulet et al. 2006).

Pathogenesis
By observing its closest relatives in soil, researchers speculate that the source of T. 
whipplei is environmental though it can only survive in humans or human cell lines 
(Crapoulet et al. 2006). However, further observation revealed that T. whipplei 
exclusively depends on humans for the disease process (Cunningham et al. 2015). 
The main factors contributing to the clinical picture are infiltration of the bacteria 
into different sites of the body and the response of host immune system which 
incorporates it into macrophages (Dray et al. 2007; Patel et al. 2008). These factors 
lead to the destruction of vital organs and result different sign symptoms such as 
abdominal pain and diarrhea, as a result of the infiltration of the organisms into the 
lamina propria of the small bowel thus affecting the normal function of villous 
(Cunningham et al. 2015). Beyond the gastrointestinal system, T. whipplei causes 
destruction of joints (O'Duffy et al. 1999), heart (Celard et al. 1999; Gubler et al. 
1999), and central nervous system (Gerard et al. 2002) but is found rarely in the 
lungs (Kelly et al. 1996).

Diagnosis and Treatment
The diagnosis of Whipple’s disease is established by microscopic observation of the 
causative agents from biopsy of duodenal endoscopy using Periodic acid–Schiff 
stain (Schneider et al. 2008). Furthermore, immunohistochemical and molecular 
testing are available for diagnosis of infection (Schneider et al. 2008).

Treatment is over a two-year period with penicillin, ampicillin, tetracycline, 
or co-trimoxazole (Bai et al. 2004). Treatments lasting less than a year have an 
approximate relapse rate of 40%. Recently, the treatment has changed to doxycy-
cline with hydroxychloroquine for 12–18 months, with sulfonamides (sulfadia-
zine or sulfamethoxazole) added for treatment of neurological symptoms 
(Fenollar et al. 2007).
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9.2.2.5  Corynebacterium Infections
The genus corynebacteria consists of rod-shaped, catalase-positive, aerobic, or fac-
ultative anaerobic gram-positive bacteria. Even though the organisms commonly 
exist in different body sites of humans including the skin, upper respiratory tract, 
gastrointestinal tract, and urogenital tract, relatively few are pathogenic. The most 
known of these is the etiologic agent of diphtheria, C. diphtheriae. Other pathogenic 
nondiphtherial corynebacteria include Corynebacterium ulcerans, Corynebacterium 
pseudotuberculosis, Corynebacterium pyogenes, Corynebacterium aquaticum, 
Corynebacterium pseudodiphtheriticum Group D2—also known as Corynebacterium 
urealyticum, Group E, and C. jeikeium, group JK (Coyle and Lipsky 1990; Van den 
Velde et al. 2006).

Pathogenesis of Diphtheria
Diphtheria is a disease characterized by local inflammation, mainly in the upper 
respiratory tract, caused by C. diphtheria. C. diphtheria infection is typically char-
acterized by a local inflammation, usually in the upper respiratory tract, associated 
with toxin-mediated cardiac and neural disease. The major factor responsible for 
pathogenesis is diphtheria toxin, a potent polypeptide cytotoxic agent. Initial attach-
ment of the bacteria at the infection site is the crucial step for pathogenesis, and 
once attachment is established the bacteria releases the toxin which causes protein 
biosynthesis to stop, resulting in cell death. The infection is mainly characterized 
my formation of a thick, gray, leathery membrane in the upper respiratory tract and 
in the worst case it blocks normal air flow. In addition to this, other toxin mediated 
damage occurs in different sites of the body including the heart, kidney, and central 
nervous system which may lead to death (De Zoysa et al. 2005; Mandlik et al. 2007; 
Moreira et al. 2003; Rogers et al. 2011).

Pathogenesis of Diphtheroid
Large number of corynebacteria species such as C. ulcerans, C. pseudotuberculosis, 
and C. pyogenes are responsible for causing diphtheroids and the clinical picture 
depends on the affected sites. The causative agents are responsible for causing skin 
ulcers, bacteremia and sepsis, endocarditis, prosthetic device infection, pneumonia, 
septic arthritis, osteomyelitis, peritonitis, suppurative lymphadenitis, prostatitis, 
chronic or recurrent cystitis, bladder stones, pyelonephritis, and keratitis (Camello 
et al. 2009; DeWinter et al. 2005; Ivanov et al. 2009; Lee et al. 2005; Manzella et al. 
1995; Otsuka et al. 2005; Suzuki et al. 2007; Tarr et al. 2003; Turk et al. 2007).

Diagnosis of Corynebacterium Infections
Both clinical and microbiological examination are helpful for accurate diagnosis of 
Corynebacterium infections. Culture, histology (Albert’s stain), toxin detection, 
and molecular techniques help to confirm cases of disease (Efstratiou et al. 2000; 
Bernard 2012; Torres et al. 2013).

The treatment choice of Corynebacterium infections depends on the type of the 
disease. In case of diphtheria, a range of treatment options are available such as 
antitoxin (Park and Atkinson 1898), and a variety of antibiotics (erythromycin or 
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procaine penicillin, clarithromycin, and clindamycin) (Kneen et al. 1998; Engler 
et al. 2001; Zasada et al. 2010). Different types of diphtheroids can also be success-
fully treated with different antibiotics like penicillin, macrolides, rifampin, and fluo-
roquinolones (Riegel et al. 1996).

9.2.2.6  Mycobacterium tuberculosis
After HIV, Mycobacterium tuberculosis is the next most deadly infectious diseases 
among adults. M. tuberculosis causes infection only in human and its existence in 
latent form contributes the infection spread to nearly 35% of individuals worldwide. 
Each year about 8 million TB cases are detected which is responsible for deaths of 
nearly 1.7 million people. In 2014, according to WHO 9.6 million individuals were 
diagnosed with TB and about 15% died (Lonnroth and Raviglione 2008; Dheda 
et al. 2016).

Causative Agents
Most cases of classical TB disease are attributed to M. tuberculosis, Mycobacterium 
bovis, Mycobacterium africanum, Mycobacterium microti, Mycobacterium canettii, 
Mycobacterium caprae, and Mycobacterium pinnipedii (Van Soolingen et al. 1997).

The genus Mycobacterium contains a cell envelope unique for the group. The 
envelope is composed of a core of peptidoglycan, arabinogalactan, and mycolic 
acids which are covalently linked to each other and lipoarabinomannan, a molecule 
believed to be interacting with the plasma membrane (McNeil and Brennan 1991). 
The presence of mycolic acid in their cell wall makes these bacteria resistant to dif-
ferent harsh environmental conditions including antibiotic exposure (Daffe and 
Draper 1998). Mycobacteria exhibit different microbial properties including lack of 
motility, sporulation, and various morphological forms and are weakly gram- 
positive, acid-fast bacilli that appear microscopically as straight or slightly curved 
rods, 1–4 μm in length and 0.3–0.6 μm wide (Barry et al. 1998).

Pathogenesis
The infection cycle of TB disease starts with inhalation of aerosols containing 
tubercle bacilli. The majority of the bacilli are trapped by the upper respiratory 
defense and only a few reach the lower part of the lung and establish infection in 
alveoli macrophages (Frieden et al. 2003). Once the bacteria are engulfed by mac-
rophage, a series of changes occur which both lead to successful control of the dis-
ease and establish latency or development of active disease (Frieden et al. 2003; 
Jensen et al. 2005).

The outcome of TB infection is governed by the balance between host defense 
and bacteria (van Crevel et al. 2002; American Thoracic Society 2000). In circum-
stance where the immune system is intact, the bacteria will not produce any observ-
able symptoms and most of the time the infection process ends with activation of the 
adaptive immune system including T lymphocyte and ultimately establish latency 
(van Crevel et al. 2002). In some occasions, the bacteria continue multiplying in the 
macrophage and result in different types of changes including granuloma formation, 
caseous lesions, and necrosis (Rosenkrands et al. 2002; Dheda et al. 2005). In the 
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case of a depressed immune system, the bacteria rather than be confined to the lungs 
will undergo dissemination and the bacilli appear in different parts of the body such 
as CNS and lymphatic system (Dheda et al. 2005).

Due to unknown reasons, few individuals experience secondary diseases follow-
ing activation of latent TB. In most cases, reactivation occurs in the form of extra-
pulmonary TB which affects almost all internal body parts without any observable 
pulmonary manifestations (Tufariello et al. 2003; Hernandez-Pando et al. 2000; De 
Backer et al. 2006).

Individuals with active primary or secondary TB present various specific and 
nonspecific sign and symptom such as cough, vomiting of blood, night sweating, 
and weight loss (Dheda et al. 2016).

Diagnosis and Treatment
A combination of clinical and microbiological data is important to reach a decision 
about the TB infection status of an individual (Bento et al. 2011). The most common 
techniques for the routine diagnosis of TB include a chest X-ray, detection of acid- 
fast bacilli, and sputum culture. Sometimes, interferon-ϒ and tuberculin skin test 
are also used in some parts of the world (Escalante 2009; Lange et al. 2011).

The unusual structures of mycobacteria which prevent the entrance of antibiotics 
contribute to the difficulty in effective treatment of TB (Brennan and Nikaido 1995). 
For effective treatment, combination of anti-TB drugs is a must, where isoniazid 
and rifampicin are the most common combination available for routine anti-TB 
treatment (Lawn and Zumla 2011). The common practice for treatment of new TB 
cases involve administration of rifampicin, isoniazid, pyrazinamide, and ethambutol 
for the first two months followed by rifampicin and isoniazid for the next four 
months (Lawn and Zumla 2011).

9.2.2.7  Nontuberculous Mycobacterial Infections
More recently, mycobacterium infections other than M. tuberculosis (TB) are get-
ting clinical relevance. The infection is most of the time observed in the lung, lym-
phatic system, and skin (Chan and Iseman 2013).

Causative Agents
The causative agents of nontuberculous mycobacteria widely distribute in the envi-
ronment where huge amount of them are isolated from soil and water (Falkinham 
2011). The organisms are highly resistant to common disinfectant and antibiotics 
due to biofilm formation (Schulze-Robbecke et al. 1992; Falkinham 2007). 
Nontuberculous mycobacteria are mostly categorized on the basis of growth rate as 
fast growers (Mycobacterium abscessus) and sluggish one such as Mycobacterium 
avium complex (Griffith et al. 2007).

Pathogenesis
Individual acquires nontuberculous mycobacteria mainly through contact with 
infected water and soil. Inhalation, ingestion, and traumatic inoculation are the most 
common means by which the bacteria get access to the human host. There are no 

Y.S. Anteneh and C.M.M. Franco



245

documented cases of person-to-person or animal-to-person transmission of nontu-
berculous mycobacteria (Kankya et al. 2011).

Like TB, nontuberculous mycobacteria affect most parts of the body where pulmo-
nary cases account the major portion (94% of all nontuberculous mycobacteria cases). 
In the lung, nontuberculous mycobacteria persist for long period of time with devel-
opment of a range of clinical pictures including difficulty in breathing, night sweats, 
and production of purulent sputum (Griffith et al. 2007). Nontuberculous mycobacte-
ria in rare occasion are responsible in causing of hot tube lung, a hypersensitivity 
pneumonitis, manifested by fever, cough, and difficulty in breathing (Khoor et al. 
2001). When nontuberculous mycobacteria occur in immunocompromised individu-
als, more disseminated form of the disease results with varied sign and symptoms 
depending on the target organ or tissue affected (von Reyn et al. 2002). Unlike TB, 
nontuberculous mycobacteria infection of the lymphatic system is rare and results in 
enlargement of lymph nodes at different sites of the body (Wolinsky 1979).

Diagnosis and Treatment
Diagnosis of nontuberculous mycobacteria infection depends on observation of 
sign and symptoms which are supported by radiologic abnormalities and micro-
biologic cultures (Griffith et al. 2007). In order to facilitate clearance and reduce 
development of drug resistance, treatment of nontuberculous mycobacteria 
involves multiple antimicrobial agents. Macrolides, ethambutol, and rifamycin 
are the three drugs of choice. Macrolides are the most effective agents, but 
because of drug resistance monotherapy is not recommended. Depending on the 
patients status, daily therapy or intermittent, 3-times-weekly, therapy may be 
appropriate. Although no specific macrolide has been shown to be superior, it is 
generally considered that clarithromycin may be more effective whereas azithro-
mycin is usually better tolerated (Griffith et al. 2001; Kobashi and Matsushima 
2003; Tanaka et al. 1999; Wallace et al. 1996).

9.3  Actinobacterial Symbiosis and Pathogenicity 
in Animals

9.3.1  Actinobacterial Symbiosis with Animals

Actinobacteria adapt to survive in diverse habitats such as marine environments 
and within plants, and some are also known to establish intimate interaction with 
a range of animals including both invertebrate and vertebrates. Even though the 
guts of animals are not well studied, actinobacteria are known to establish close 
interaction with the intestinal tracts of most animals. These bacteria reside in the 
guts of animals either in the form of symbionts or commensals and contribute 
towards the successful digestion of food particles. Furthermore, the presence of 
these symbiotic bacteria colonizes the digestive systems of animals. Symbiotic 
interactions are essential for survival and reproduction because they play a cru-
cial role in nutrition, detoxification, growth performance, and protection against 
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pathogenic bacteria. Some symbiotic actinobacterial species, i.e., probiotics, 
control bacterial diseases in livestock poultry (Maciorowski et al. 2007) and 
aquaculture (Defoirdt et al. 2011; Tendencia and Verreth 2011).

Actinobacteria contribute immensely towards maintaining a continuous supply 
of calories to animals through the conversion of various food stuffs including 
glycan into useable form (Bayer et al. 2008). Latha et al. (Latha and Dhanasekaran 
2013) isolated various actinobacteria from feces of goats and chickens that can 
produce extracellular digestive enzymes, having the ability to breakdown differ-
ent carbohydrate, protein, and lipid. Tan et al. (Tan et al. 2009) also reported the 
same observation where actinobacteria facilitate digestion of the goat’s diet 
through production of enzymes. In addition to this, animals also get help from 
symbiotic microorganisms to protect themselves from pathogenic microorgan-
isms. Microorganisms usually use three different ways to protect their host animal 
from pathogen. These are secretion of inhibitory compounds against pathogens, 
occupation of pathogen attachment sites in host, and activation of host immune 
system against pathogens.

9.3.2  Actinobacterial Diseases in Animals

Actinobacteria are also responsible for causing a range of disease both in human 
and animals. This section will focus on some common actinobacterial diseases of 
animals.

9.3.2.1  Animal Nocardiosis
Animal nocardiosis is an opportunistic infection with no history of transmission 
from one animal to another. The disease occurs in most animals with various clini-
cal presentations (Beaman and Sugar 1983).

Causative Agents
Nocardia, the causative agent of nocardiosis, has a worldwide distribution with 
more than 90 identified species where 30 of them known in causing of disease in 
animal. N. asteroides complex, N. brasiliensis, Nocardia pseudobrasiliensis, 
Nocardia transvalensis, and N. otitidiscaviarum are the most common species iden-
tified from animal disease (Roth et al. 2003; Brown-Elliott et al. 2006b; Kiska et al. 
2002; Steingrube et al. 1995).

Pathogenesis
The causative agents of animal nocardiosis are widely distributed in the environ-
ment (Goodfellow and Williams 1983). Infections in livestock and companion 
animals caused by Nocardia spp. are acquired by inhalation, traumatic percuta-
neous introduction of the microorganism, ingestion, or by the intramammary 
route. The occurrence of disease and infective Nocardia spp. may vary geograph-
ically, influenced by animal management practices as well as environmental fac-
tors, such as dry, dusty, or windy conditions (Goodfellow and Williams 1983; 
Kirpensteijn and Fingland 1992). Once the pathogen entered the animal host, the 
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balance between pathogen factors and host defense determines the fate of the 
infection process. These intracellular organisms are able to inhibit phagosome–
lysosome fusion in neutrophils and macrophages because of the presence of 
mycolic acids in their bacterial cell wall. Nocardia is also resistant to acids, 
oxidative enzymes, and other enzymatic mechanisms of phagocytic cells. The 
bacteria antagonize the effect of neutrophils with the help of mycolic acids, 
major cell wall components of the bacteria, and contribute to the disease process 
further by releasing cell damaging toxins (Beaman and Beaman 1994; Corti and 
Villafane-Fioti 2003).

Various disease manifestations were observed in animal nocardiosis. Mastitis is 
the most common observation in cattle where the udder becomes enlarged, edema-
tous, and sometimes for draining sinus with granules (Ribeiro et al. 2008). 
Nocardiosis in horses, also known as equine nocardiosis, leads to symptoms such as 
severe pneumonia, pleuritis, disseminated abscesses in organs, cutaneous lesions, 
mycetomas (Biberstein et al. 1985), and rarely, abortion (Erol et al. 2012a). 
Nocardiosis in cats and dogs display several types of symptoms. Skin lesions in the 
form of abscesses, ulcer, or mycetoma appear in different parts of their body. At the 
lungs, difficulty in breathing, cough, and nasal discharge are a common observation. 
Most internal organs including kidney and liver are affected with common clinical 
picture of single or multiple lesions (Ribeiro et al. 2008; Bradney 1985; Tilgner and 
Anstey 1996).

Diagnosis and Treatment
The routine diagnosis of animal nocardiosis depends on data from epidemiological, 
clinical, and microbiological investigations. In a clinical laboratory, nocardiosis is 
diagnosed by culturing of different specimens on artificial media where the bacteria 
produce a characteristic morphology (Kiska et al. 2002; Saubolle and Sussland 2003). 
Other laboratory tests like Modified Ziehl–Neelsen stain and differential cell count aid 
for diagnosis of nocardiosis (Brown-Elliott et al. 2006a; Ribeiro et al. 2008).

The best practice for treatment of animal nocardiosis is prolonged administration 
of antibiotics (Corti and Villafane-Fioti 2003; Marino and Jaggy 1993) and surgical 
removal of the affected parts (Kirpensteijn and Fingland 1992; Bradney 1985; 
Tilgner and Anstey 1996). Several options of antibiotics including β-lactam and 
trimethoprim–sulfonamides are available for treatment of animal nocardiosis 
(Harada et al. 2009).

9.3.2.2  Dermatophilosis
The disease was first described in 1910 by Van Saceghem (Van Saceghem 1915) in 
the Belgian Congo as “contagious dermatitis” (dermatose contagieuse) in cattle. In 
1926, the disease was named as streptothricosis or lumpy wool disease to refer to 
the disorder observed in sheep, a name that was later abandoned to avoid etiological 
confusion (Dean et al. 1961). Since then, cases of dermatophilosis are reported from 
several animals such as cows, sheep, and horses, but it is also observed in goats and 
pigs. The disease is rarely found in dogs and cats (Zaria 1993). In humans, very few 
cases have been reported (Burd et al. 2007; Harman et al. 2001).
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Causative Agents
Dermatophilus congolensis is the organism responsible for dermatophilosis, 
and they are under the family of Dermatophilaceae, and order Actinomycetales. 
They are gram positive, have two morphological forms (hyphae and motile zoo-
spores), and can grow at different levels of oxygen (Gordon and Edwards 1963; 
Robert 1961).

Pathogenesis
Even though attempts to isolate Dermatophilus from the soil were not successful, 
the bacteria may be soil saprophyte. Infection in animals is expected to result either 
following contact with infected animal, contaminated environment, or due to insect 
bite (Zaria 1993).

The infection is generally confined to the skin and appears as a proliferative 
and exudative dermatitis with subsequent formation of scabs. The infection pro-
cess may be acute, subacute, or chronic (Zaria 1993). D. congolensis is usually 
limited to the epidermis, attacking the keratin of the stratum corneum of skin, 
hair, and wool of infected animals. The first step in the infection process is the 
adherence of zoospores into the skin, an area where the host defense mechanism 
is compromised. Conditions like low CO2 concentration facilitate the spread of 
zoospores to the target site at which they transform to hyphae. This hyphal form 
is responsible for epidermal cell penetration and dissemination to different target 
sites. The inflammatory cascade that is initiated during hyphal penetration con-
tributes to the development of observable clinical pictures (Robert 1961; 
Chatikobo et al. 2004; Abu-Samra 1979).

The clinical picture of dermatophilosis differs from animal to animal. In cat-
tle, the most common presentations are formation of lesions, yellow-green scabs, 
and hair loss as observed in different body parts (Ali-Emmanuel et al. 2003; 
Loria et al. 2005). Almost similar signs and symptoms as in cattle appear in 
horses with rare experience of scabs (Szczepanik et al. 2006). Dermatophilosis 
in sheep also known as lumpy wool infections is characterized by formation of 
crusts in dorsal body parts, and appearance of pyramid shaped scabs in the wool 
fibers (Sekin et al. 2002).

Diagnosis and Treatment
The diagnosis of dermatophilosis depends on the clinical picture, microscopy, and 
culturing of bacteria in different media such as blood agar. The bacteria display 
various types of colony characteristics, pigment production, and hyphae formation 
(Zaria 1993; Kaya et al. 2000).

Organisms are susceptible to a wide range of antimicrobials such as erythromy-
cin, spiramycin, penicillin G, ampicillin, chloramphenicol, streptomycin, amoxi-
cillin, tetracyclines, and novobiocin. Long-acting oxytetracycline for 2 days 
−1 day apart is curative in 85% of cattle and 100% of sheep, compared with cure 
rates of 71% in cattle and 80% in sheep for a single dose. In food-producing ani-
mals, topical applications of lime sulfur are a cost-effective adjuvant to antibacte-
rial therapy (Zaria 1993).
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9.3.2.3  Caseous Lymphadenitis in Sheep and Goats
Caseous lymphadenitis is a long-lasting inflammation of lymph nodes in animals, 
mostly in sheep and goats. The diseases distribute worldwide and have economic 
importance due to negative effect on hide and wool industries (Braga et al. 2006; 
Rizvi et al. 1997; Dorella et al. 2006).

Causative Agent
C. pseudotuberculosis is the bacterium responsible for causing caseous lymphade-
nitis. They are under the genus Corynebacterium, family Corynebacteriaceae, sub-
order Corynebacterineae, order Actinomycetales, subclass Actinobacteridae, and 
class Actinobacteria (Stackebrandt et al. 1997). The detailed microbial components 
of these bacteria resemble those of Rhodococcus, Mycobacterium, and Nocardia. C. 
pseudotuberculosis occurs in multiple morphological forms and can survive inside 
and outside of host cells (Dorella et al. 2006).

Pathogenesis
Both symptomatic and asymptomatic animals with caseous lymphadenitis are the 
sources of infection, and they are responsible for contamination of the environment 
where other animals can easily acquire it. The infection process mostly occurs after 
traumatic injury where the bacteria get access to deep tissue and establish the first 
phase of infection (Baird and Fontaine 2007; O’Reilly et al. 2008). In rare circum-
stance, the bacteria may get access to animal body either through ingestion or inha-
lation. From the primary site of infection, the bacteria with the help of lymphatic 
system reach to lymph nodes and other body parts of animal to establish the final 
stage of infection process. The continuous interaction of several bacterial and host 
factors is responsible for initiation of inflammatory reaction at the target sites which 
leads to development of typical abscess of caseous lymphadenitis (Dorella et al. 
2006; Paton 2010). At its advanced stage, caseous lymphadenitis is known with 
unique clinical presentation pronounced by abscesses in surface lymph node. 
Sometimes, lesion may occur in the internal organs such as lung and mediastinal 
lymph nodes (Fontaine and Baird 2008). In severe cases, purulent discharges may 
ooze out from enlarged lymph nodes and release to the surrounding environments 
(Dorella et al. 2006; Williamson 2001).

Diagnosis and Treatment
C. pseudotuberculosis can be successfully isolated on microbiological media and 
isolation is mostly performed in the presence of oxygen. Factors like serum facil-
itate the growth rate of this bacterium (Oreiby 2015). C. pseudotuberculosis 
infection in sheep and goats can also be diagnosed using several methods such as 
gene detection, serology, and antitoxin neutralization (Baird and Fontaine 2007; 
Oreiby 2015; Cetinkaya et al. 2002). Unlike most actinobacterial disease of ani-
mal, caseous lymphadenitis is not successfully treated with antibiotics. The most 
common practices for treating this disease involve abscess drainage, cleaning 
with 10% iodine, and even removal of infected lymph nodes (Nozaki et al. 2000; 
Olson et al. 2002).
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9.3.2.4  Nocardioform Placentitis in Horses
Nocardioform placentitis is a horse disease reported for the first time in the USA by 
late 1980s (Donahue and Williams 2000; Hong et al. 1993). Nocardioform actino-
mycetes, a group of gram-positive branching bacteria, is responsible in causing of 
nocardioform placentitis. Three species of nocardioform actinomycetes, namely 
Streptomyces, Amycolatopsis, and Crossiella equi are frequently isolated from cases 
of horse placentitis (Donahue et al. 2002; Labeda et al. 2003; Labeda et al. 2009). A 
2012 study of horses in Kentucky revealed that C. equi and Amycolatopsis share 
85.5% of the total cases of nocardioform placentitis (Erol et al. 2012a).

Pathogenesis
There is insufficient information about mode of transmission and infection process 
of nocardioform placentitis. It is believed that the bacteria from primary entry site 
reach into the placenta through blood. Different pathological changes are observed 
at the level of placenta including necrosis and mucopurulent discharges. Hyperplastic 
changes also occur in villous, allantoic, and chorionic epithelium. All these changes 
lead placental insufficiency which affects the normal developmental cycle of the 
fetus. Clinically, nocardioform placentitis is manifested by late term abortion, still-
birth, and prematurity (Hong et al. 1993).

Diagnosis and Treatment
Diagnosis of nocardioform placentitis solely depends on clinical observation as cul-
turing of causative agents from placenta is not possible (Erol et al. 2012b). Clinical 
diagnosis is largely based on ultrasonographic examination of the uteroplacental 
junction (LeBlanc 2010).

Nocardioform actinomycetes responsible for placentitis respond to a range of 
antibiotics. Doxycycline, linezolid, minocycline, amikacin, ceftriaxone, amoxicil-
lin–clavulanic acid, and TMP–SMX can be used for treatment of cases (Erol et al. 
2012b; Rose et al. 2008; Uhde et al. 2010).

9.4  Actinobacterial Symbiosis and Pathogenicity 
with Plants

9.4.1  Actinobacterial Symbiosis with Plants

Actinobacteria also associate with plants both as symbionts and pathogens. Endophytic 
actinobacteria are ubiquitous in most plant species, particularly in those growing in the 
field, and they form intimate associations with their plant hosts without any detrimental 
symptoms. Frankia appears to be the only actinobacterial genus that forms a special 
organelle, an actinorhizal nodule that results from colonization of certain host plants.

Some endophytic actinobacteria have been reported to promote the growth of 
their host plants as well as to reduce disease symptoms caused by plant pathogens 
and various environmental stresses. On the contrary, it was observed that axenic 
plants display a lower degree of stress tolerance (Hallmann et al. 1997).
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In exchange for nutrition and protection, the endophytic actinobacteria grant 
improved fitness to the host plants by producing a variety of bioactive metabo-
lites. Growth stimulation of plants by endophytes is usually via the production of 
phytohormones, biocontrol of phytopathogens through production of antibiotics 
or siderophores, nutrient competition, and induction of systemic disease resis-
tance (Bailey et al. 2006; Benhamou et al. 1998; Idris et al. 2004; Ramamoorthy 
et al. 2001).

Frankia
Actinobacteria of genus Frankia and actinorhizal plants, which encompass over 220 
angiosperm species belonging to 8 families and 25 genera, form an actinorhizal 
symbiosis (Wheatley 2009) that results in the development of root nodules (Mallet 
and Roy 2014; Benson and Silvester 1993). The genus Frankia adopts four morpho-
logical forms—hyphae, vesicles, sporangia, and reproductive torulose hyphae 
(Diem and Dommergues 1985). The vesicles harbor the enzyme nitrogenase which 
fixes atmospheric nitrogen either symbiotically or saprophytically (Normand et al. 
2007). Inside the root nodule, Frankia fixes nitrogen, by converting atmospheric N2 
into biologically useful ammonia, which meets most of the plant’s nitrogen require-
ments. This symbiosis allows actinorhizal plants to invade and proliferate in soils 
that are low in nitrogen (Benson and Silvester 1993).

Non-Frankia Actinobacterial Symbionts
Endophytic actinobacteria, like their counterparts found in soil, are prolific antibi-
otic producers. It is believed that antibiotics are the major mechanism in the biocon-
trol of plant pathogens. In order to study this function, Igarashi and his colleagues 
isolated about 400 actinobacteria strains from leaves, stems, and roots of plants. The 
fermentation products of some isolates demonstrated inhibitory activities against 
phytopathogenic fungi and bacteria (Igarashi et al. 2002a). A similar study with 
metabolites produced by a Streptomyces sp. collected from Allium fistulosum could 
suppress the infection of Alternaria brassicicola on Chinese cabbage seedlings 
(Igarashi et al. 2000). This protection depends on the production of fistupyrone, a 
novel plant protective compound. The findings from these experiments suggest that 
endophytic actinobacteria have the potential to produce antimicrobial compounds 
which probably contribute to competition with other microorganisms in host plants 
(Igarashi et al. 2002a; Igarashi et al. 2000). However, we have yet to see the evi-
dence of production of any antibiotic in the rhizosphere.

Kloepper and Schroth first defined bacteria that enhance plant growth following 
inoculation onto seeds (Kloepper and Schroth 1978). These plant growth-promoting 
rhizobacteria (PGPR) promote plant growth directly via production of plant growth 
regulators (Patten and Glick 2002), enhanced iron availability via production of 
siderophores (Carrillo-Castañeda et al. 2002), nitrogen fixation (Madhaiyan et al. 
2009), promoting symbiosis between nitrogen-fixing microorganisms or mycor-
rhiza and plants (Poole et al. 2001), solubilization of mineral phosphate (Hamdali 
et al. 2008), and alleviation of stress (Siddikee et al. 2010). Researchers isolated 
pteridic acids A and B produced by an endophytic Streptomyces hygroscopicus 
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TP-A045 that originated from plant Pteridium aquilinum, which has plant growth 
promotion activity by production of auxin (Igarashi et al. 2002b). Comparable to 
growth acceleration observed in indole acetic acid, these compounds at a concentra-
tion of 1 nM accelerated the formation of adventitious roots in hypocotyls of kidney 
beans. Even though it is not proven in plants, several species of Streptomyces includ-
ing Streptomyces violaceus, Streptomyces griseus, Streptomyces exfoliates, 
Streptomyces coelicolor, and Streptomyces lividans were reported to secrete indole- 
3- acetic acid (IAA) when provided with l-tryptophan in in vitro experiments 
(Manulis et al. 1994). Recently, Meguro et al. (Hasegawa et al. 2006a) reported a 
Streptomyces sp. MBR-52 that accelerated emergence and elongation of plant 
adventitious roots.

Actinobacteria not only produce plant growth promoters, some also benefit 
their host plant by producing plant growth inhibitors which are harmful to herbs. 
Herbicidin H from Streptomyces sp. strain SANK 63997 was isolated from 
leaves of Setaria viridis var. pachystachys, and g-glutamylmethionine sulfoxi-
mine, a metabolite from strain SANK 62597 of Microbispora sp. recovered 
from Carex kobomugi, was converted to methionine sulfoxide which has strong 
herbicidal activity. Furthermore, strain SANK 61299 of Dactylosporangium sp. 
isolated from Cucubalus sp. was found to produce streptol and two plant growth 
inhibitors that inhibit germination of Brassica rapa (Tiwari and Gupta 2013; 
Hasegawa et al. 2006b). Gebhardt et al. discovered new phenazine compounds, 
endophenazines A-D, produced by Streptomyces anulatus in fermentation broth, 
which showed herbicidal activity against Lemna minor (duckweed) (Gebhardt 
et al. 2002). Caruso et al. isolated 71 actinobacteria from tissues of Taxus spe-
cies and found that 10 strains (Actinomadura, Actinoplanes, Kitasatospora, 
Micromonospora, Nocardioforme, and Streptomyces spp.) produced taxanes, 
including taxol, and terpenoids which are known as the inhibitors of microtu-
bule polymerization that are essential for host cells division, inter- and intra-
cellular transportation (Caruso et al. 2000).

Recently, endophytic actinobacteria have proven to be effective, reliable biocon-
trol agents that can control pathogenic microorganisms that threaten food produc-
tion. The current practice for control of pathogen in plants, the use of chemicals, 
introduces nontarget harmful effects to the environment and susceptible to develop-
ment of resistance (Compant et al. 2005). As a result of this, biological control has 
been considered an alternative means of reducing the use of agrochemicals in food 
production. The earliest biocontrol effects of endophytic actinobacteria reported by 
Smith where Micromonospora sp. was isolated from tissue section of an apparently 
healthy tomato plant showed a strong inhibitory effect to Fusarium oxysporum f. sp. 
lycopersici. He was able to re-isolate this strain, suggesting its endophytic residence 
in tomato (Smith 1957).

Taechowisan and Lumyong isolated 59 endophytic actinobacteria from the 
roots of Zingiber officinale and Alpinia galanga and most of them showed anti-
fungal activity against Candida albicans and phytopathogenic fungi (Taechowisan 
and Lumyong 2003). Similarly, Tian et al. isolated 274 actinobacteria strains 
from surface- sterilized roots and leaves of field-grown rice plants and found that 
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about 50% of these strains showed antagonism to some fungal pathogens, includ-
ing the rice blast fungus (Tian et al. 2004). Both reports failed to provide any 
evidence whether the isolated actinobacteria have any effect in field experiments. 
Coombs et al. (Coombs et al. 2004) reported detailed biocontrol effects of endo-
phytic actinobacteria in planta. In their experiment, 38 strains of endophytic 
actinobacteria isolated from surface-sterilized wheat and barley roots were tested 
against wheat root pathogens such as Gaeumannomyces graminis, Rhizoctonia 
solani, and Pythium spp. They demonstrated that 17 of the isolates displayed 
statistically significant activity in planta against G. graminis var. tritici and some 
were able to control the development of disease symptoms in treated wheat plants 
exposed to the former two pathogens in field soil (Coombs et al. 2004).

There are several mechanisms by which endophytic biological control agent 
exhibits to protect their host plant against pathogenic microorganisms, including 
production of antibiotics and cell wall-degrading enzymes, competition for nutri-
ents and space in and around the host plan, and induction of host resistance (Liu 
et al. 2012).

Plant roots secrete several nutrients that include organic acids, amino acids, sugars, 
vitamins, enzymes, purines/nucleosides, inorganic ions and gases, phytosiderophores, 
phenolics, and flavonoids (Dakora and Phillips 2002). The essential nutrients support 
a wide range of microorganisms, some of which can suppress phytopathogens. In case 
of potato scab disease in disease-conducive soil, competition for nutrients and antibi-
otic production were considered to be the two mechanisms by which suppression of 
pathogen achieved by non-pathogenic Streptomyces scabiei and  Streptomyces diasta-
tochromogenes, respectively (Neeno-Eckwall et al. 2001). Pathogen suppression 
through competition for iron has been another type of competition as the iron concen-
tration in the rhizosphere is extremely low (Pal and Gardener 2006). The involvement 
of siderophores in pathogen suppression has been reported for several actinobacteria 
(Khamna et al. 2009; Macagnan et al. 2008; Sontag et al. 2006), including Streptomyces 
albovinaceus, S. griseus, and Streptomyces virginiae which inhibit the germination of 
basidiospores of Moniliophthora perniciosa (Macagnan et al. 2008).

Plants exhibit two types of nonspecific defense that gives resistance to a broad 
spectrum of pathogens: induced systemic resistance (ISR) and systemic acquired 
resistance (SAR). The type of resistance induced by rhizobacteria is called ISR 
and the one induced by pathogen and salicylic acid (SA) is called SAR 
(Schuhegger et al. 2006). Actinobacteria that are endophytic to wheat have been 
shown to induce defense pathways in Arabidopsis (Conn et al. 2008). These 
endophytic actinobacteria induced a low level of SAR and JA/ET gene expres-
sion. However, upon pathogen challenge, endophyte treated plants showed high 
level of gene expression compared with non-treated controls. In contrast to the 
common understanding that pathogens induce SAR pathways, Conn et al. (Conn 
et al. 2008) reported that the endophytic actinobacteria were able to induce both 
the SAR and JA/ET pathways. Induction of JA/ET pathway resulted in resistance 
to the bacterial pathogen Erwinia (now Pectobacterium) carotovora subsp. caro-
tovora and induction of the SAR pathway resulted in resistance to the fungal 
pathogen F. oxysporum (Conn et al. 2008).
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9.4.2  Actinobacterial Diseases in Plants

As discussed above, most actinobacteria interact positively with plant hosts. 
However, there are also some strains of actinobacteria which cause disease in plants. 
The scab of potatoes (Solanum tuberosum L.) is one of the few actinobacteria asso-
ciated diseases in plants. Three main types of potato scabs were described in the 
literature: common scab, netted scab, and russet scab. Common scab is character-
ized by deep or shallow-pitted lesions on potato tubers. It has been rated among the 
top five diseases of potatoes by seed producers in the USA (Dees and Wanner 2012). 
The same symptoms are found in other root crops including carrot, radish, beet, and 
turnip (Bouchek-Mechiche et al. 1998; Archuleta and Easton 1981).

Causative Agents
Actinobacteria of the genera Streptomyces are the most common agents, even though 
there are other bacteria associated with scab formation in plants. Phytopathogenic 
Streptomyces spp. comprise only a handful of species, including the well-studied 
examples Streptomyces scabies (Lambert and Loria 1989a), Streptomyces acidisca-
bies (Lambert and Loria 1989b), Streptomyces turgidiscabies (Miyajima et al. 1998), 
Streptomyces europaeiscabiei (Bouchek-Mechiche et al. 2000a), Streptomyces stel-
liscabiei (Bouchek-Mechiche et al. 2000a), Streptomyces luridiscabiei, Streptomyces 
puniciscabiei, and Streptomyces niveiscabiei (Park et al. 2003). These pathogens have 
a broad host range but are found predominantly affecting potatoes (Loria et al. 2003).

Pathogenesis
The pathogenesis of streptomycetes for the process of scab formation is different 
from other plant pathogenic bacteria. Regardless of plant host or tissue, entry occurs 
through expanding plant tissues without the requirement for natural openings or 
wounds, and pathogen growth proceeds both intra- and intercellularly. Clark and his 
colleague were the first to report penetration and internal colonization of plant host 
tissues by plant pathogenic Streptomyces (Clark and Matthews 1987). Streptomyces 
ipomoeae which grew on the surface of sweet potato fibrous roots produced an 
extensive hyphal networks with short branches developed along hyphae. Hyphal 
growth extended into the lumen of cells, through cell walls into adjacent cells.

These pathogens produce a suite of phytotoxins, secreted proteins, and phytohor-
mones that manipulate host physiology to their advantage. Pathogenicity is consid-
ered to be an acquired phenotype because virulence factors reside on a mobilizable 
pathogenicity island that confers the ability to cause disease (Kers et al. 2005). The 
production of the phytotoxin thaxtomin, a dipeptide that is a potent inhibitor of cel-
lulose biosynthesis, is associated with pathogenicity (Johnson et al. 2007). The bio-
synthesis and regulation of production of thaxtomin is well characterized (Johnson 
et al. 2009; Joshi et al. 2007).

Our understanding of virulence mechanisms of phytopathogenic Streptomyces 
spp. extends beyond thaxtomin and Nec1 to define the pathogenome, which includes 
secreted proteins and secondary metabolites (Bignell et al. 2010). Scab-causing strep-
tomycetes possess a conserved saponin-degrading enzyme, characterized in S. scabies 
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87-22 (Seipke and Loria 2008). S. turgidiscabies Car8 causes the formation of leafy 
galls that is due to the expression of a biosynthetic gene cluster for the phytohormone, 
cytokinin (Joshi and Loria 2007). Multiple virulence determinants are secreted by S. 
scabies 87-22 via the twin-arginine transport (FAOSTAT, 2014) pathway and are 
required for full development of disease symptoms (Joshi et al. 2010). These Tat-
dependent virulence determinants include a lipoprotein, a cell surface protein tethered 
to the outer surface of the membrane in gram-positive bacteria via a lipid modification 
(Hutchings et al. 2009).

Though streptomycetes are generally not thought of as plant pathogens, there are 
a number of Streptomyces species that are very successful pathogens of roots and 
other underground plant structures (Bouchek-Mechiche et al. 2000b; Bukhalid et al. 
2002; Loria et al. 2006).
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10The Role of Actinobacteria 
in Biotechnology

Javad Hamedi, Naghmeh Poorinmohammad, 
and Joachim Wink

10.1 Color Codes of Biotechnology

Generally, biotechnology has been undergone several classifications based on the 
service and benefit it gives. One of the most popularly used classifications is the 
color code of biotechnology where a color is attributed to a specific area where 
biotechnology can greatly help. Table 10.1 illustrates this classification. Although 
several other colors are also defined by some authors such as dark biotechnology 
connected with bioterrorism and biological weapons or violet one, which deals with 
law and ethical and philosophic issues, Table 10.1 shows the most popular and fea-
sible code being used to classify biotechnology.

Microorganisms are well known for their great potential in every single area 
mentioned in Table  10.1, from their implementation in producing high-value 
antibiotics, organic acids, and ethanol to the production of therapeutic recombi-
nant proteins. In this regard, the wide metabolic potential of actinobacteria has 
resulted in a huge attention being attracted to these bacteria in a biotechnologi-
cal perspective. Other than antibiotics for the production of which actinobacte-
ria are famous, various metabolites are found to be produced by these bacteria 
being beneficial in different sections of medical, environmental, and industrial 
concept.
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The role of actinobacteria in each of the fields mentioned in Table 10.1  is tre-
mendous and the focus in this chapter.

10.2  Actinobacteria and Red Biotechnology

In the 1940s, the discovery of actinomycin and streptomycin in Selman Waksman’s 
laboratory at Rutgers was the starting point for a unique role of microorganisms, the 
search on bioactive secondary metabolites within the actinobacteria with a special 
focus on antibiotics and their industrial use for many years. If we look to the number 
of known secondary metabolites from nature, actinobacteria are only one group of 
producers besides the majority of plant metabolites (Fig. 10.1). But if we look, on 
the other hand, on the number of antibiotics and other bioactive compounds, we can 
see that actinobacteria have a high potential; about 16,000 bioactive compounds 
from actinobacteria are known today, from which 14,500 are antibiotics (Fig. 10.2). 
Within the actinobacteria, Streptomyces is still the most potent genus with 12,400 
known bioactive compounds (11,000 antibiotics); meanwhile from other actinobac-
teria, additional 3600 bioactive compounds (3400 antibiotics) are known. Many 
antibiotics from actinobacteria are used in medicine, but there are also many other 
indications where bioactive metabolites from actinobacteria are used commercially. 
For a comprehensive overview about the history of antibiotics research, see also 
(Luepke et al. 2017). In the next chapters, we will give an overview on the different 
groups of bioactive compounds with a focus on antibiotics which is related to the 
number of isolated compounds.

Color Area of biotechnological activity and application

Red Medicine, health and diagnostics

White Industrial process and products

Green Agriculture

Yellow Nutrition, food and feed

Blue Aquaculture, marine and coastal-related processes

Grey Environmental issues

Gold Bioinformatics and nanotechnology

Table 10.1 Color code of biotechnology
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10.2.1  Antibacterial Agents

10.2.1.1  The “Golden Era”
Today we know about 50,000 metabolites with antibiotic activity from natural 
origin, about 30,000 from microorganisms, including fungi (Bérdy 2015). From 
this huge number, about 190 are used therapeutically. From this, 130 are from 
microorganisms, mainly Actinobacteria, and are produced by fermentation. 

500000

450000

400000

350000

300000

250000

200000

150000

100000

50000

Actinobacteria Eubacteriales Fungi Higher plant
products

Lower plants Terrestrial
animals

Marine products

Antibiotics

All bioactive

Total known

0

Fig. 10.1 Number of natural products (data are based on Bérdy 2015)

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

0

Antibiotics

All bioactive

Total known

Acti
no

ba
cte

ria

Stre
pt

om
yc

es
 sp

p.

Oth
er

 A
cti

no
ba

cte
ria

Eub
ac

te
ria

les

Bac
illu

s s
pp

.

Pse
ud

om
on

as
 sp

p.

M
yx

ob
ac

te
ria

les

Cya
no

ba
cte

ria
Oth

er

Fun
gi

M
icr

os
co

pic
 fu

ng
i

Bas
idi

om
yc

et
es

Oth
er

Fig. 10.2 Number of natural products (data are based on Bérdy 2015)

10 The Role of Actinobacteria in Biotechnology



272

Semisynthetic products are 55 and only 5 synthetic ones. The first antibiotic 
which still is on the market, the aminoglycoside streptomycin, was isolated in 
Selman Waksman’s laboratories (Fig. 10.3, 1). The producer of the compound is 
Streptomyces anulatus subsp. griseus (former S. griseus) and was published in 
1944 by Schatz et al. Aminoglycosides like streptomycin are high potent broad-
spectrum antibiotics. Aminoglycosides bind to the protein S12 in the 30S subunit 
of the ribosome and influence the binding of the formylmethionine tRNA to the 
ribosome which inhibits the correct initiation of the protein biosynthesis. 
Streptomycin is still in clinical use, it was the first antibiotic used against tuber-
culosis, and furthermore it showed activity against several other diseases that 
were not helped by penicillin. For the co- discovery of streptomycin, Waksman 
was awarded the Nobel Prize in 1952. Resistances against aminoglycosides are 
based on alteration of the ribosomal binding sites (streptomycin only), decreased 
uptake, and/or accumulation of the drug in bacteria and the bacterial expression 
of enzymes which modify the antibiotic and thereby inactivate it (Davies and 
Wright 1997; Mingeot-Leclercq et al. 1999).
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From a culture of Streptomyces venezuelae, the antibiotic chloramphenicol 
(Fig. 10.3, 2) was isolated in the 1940s (Ehrlich et al. 1947, 1948). Gottlieb et al. 
(1948) described the broad-spectrum activity against Gram-positive and Gram- 
negative bacteria as well as anaerobes, spirochetes, rickettsiae, chlamydiae, and 
mycoplasma. Chloramphenicol binds reversible to the 50S subunit of the ribosome 
where it suppresses the peptidyl transferase activity and inhibits the transfer of 
amino acids to the growing peptide chain. It was introduced to the market as chlo-
romycetin in 1949 and was the first synthetically produced antibiotic (Rebstock 
et al. 1949).

Streptomyces aureofaciens and S. rimosus were the first described producers of 
antibiotics of the tetracycline group, namely, chlortetracycline (Duggar 1948) and 
oxytetracycline, respectively (Fig. 10.3, 3) (Finlay et al. 1950). Tetracyclines bind 
to receptors at the 30S subunit of the ribosome and inhibit the binding of the trans-
fer RNA to the ribosomal complex. Therefore, new amino acids cannot elongate 
the polypeptide chain and the protein biosynthesis is interrupted. Tetracyclines are 
bacteriostatic and in high doses also bactericide. Most of the tetracycline resistance 
genes were found to be associated with plasmids, transposons, conjugative trans-
posons, or integrons (Chopra and Roberts 2001), which leads to an increased prob-
ability of transfer between bacteria. Resistance genes code for enzymes which 
inactivate the drug, for efflux pumps or modification of the target at the ribosome 
(McMurry and Levy 2000). Even there are many resistant pathogens, tetracyclines 
are still of therapeutic interest especially after different semisynthetic approaches 
(Chopra and Roberts 2001). The structurally atypical broad-spectrum tetracycline, 
chelocardin, is produced by Amycolatopsis sulphurea (Mitscher et al. 1970; Oliver 
et  al. 1962) and has recently become of scientific interest again due to its still 
unknown mode of action. Today compounds can be biosynthetically modified in 
order to optimize the pharmacological properties.

Erythromycin (Fig. 10.3, 4) produced by Saccharopolyspora erythraea (formerly 
Streptomyces erythreus) (McGuire et al. 1952) was the first macrolide compound 
which was developed to market as an antibiotic. Macrolides are macrocyclic 
polyketides which typically consist of a 12–16-member macrocyclic lactone with a 
glycosidic-linked amino sugar. Macrolides bind to the 23S ribosomal RNA in the 
50S subunit of the ribosome. This binding inhibits the translocation of the protein 
biosynthesis. As most of the macrolides are very hydrophobic, the penetration 
through the outer membrane may be difficult. From this point many resistances 
arise. Further resistance mechanisms have been reported basing on target mutation 
or modification, a number of effective efflux pumps, and on plasmid coding ester-
ases which inactivate the antibiotic (Leclercq 2002).

Glycopeptides were first isolated from cultures of members of the genus 
Amycolatopsis in the 1950s, which were mainly classified as Nocardia or 
Streptomyces species at that time. Glycopeptides are nonribosomal coded cyclic 
peptides which are glycosylated and in some cases also halogenated. Vancomycin 
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(Fig. 10.3, 5) was the first compound of this class and described as an antibiotic 
from Streptomyces orientalis (Amycolatopsis orientalis) by McCormick et  al. 
(1954). The compound was isolated during a research program of Eli Lilly and 
came available for clinical use in 1958 (Jovetic et al. 2010). Mainly basing on the 
side effects it took until 1980 that vancomycin was used as an alternative antibiotic 
against multiresistant Staphylococci. Vancomycin is a third-line antibiotic which 
should only be used if other antibiotics show no effect basing on the resistance of 
the infecting bacteria. Glycopeptide antibiotics inhibit the bacterial cell wall bio-
synthesis by forming a complex with the terminal l-lysine-d-alanyl-d-alanyl groups 
of the cell wall element murein. So they block elements which are necessary for the 
cross-linking in the cell wall of Gram-positive bacteria basing on five glycine moi-
eties (pentaglycine bridge). As a result, the necessary elements for the cross-linking 
(N-acetylglucosamine, N-acetylmuramic acid) cannot be fitted to the growing bac-
terial cell wall. Basing on the increasing osmotic pressure, cell walls without this 
cross-linking are destabilized. Resistance against glycopeptides is in most cases 
based on the expression of an alternative d-Ala/d-Ala ligase, which modifies the 
chain containing d-lactate at the N-terminus. Basing on this modification, the bind-
ing of the hydrogen bonds between the glycopeptide and the side chain is reduced 
to the factor 1000. Especially enterococci have established this type of resistance 
(Weigel 2003). Some bacteria also show natural intrinsic mechanisms of resistance 
against glycopeptides.

Another glycopeptide antibiotic, ristocetin (ristomycin), was first described by 
Grundy et al. (1955) from Amycolatopsis lurida. Today a number of glycopeptide 
antibiotics are known (Kahne et al. 2005) which can also be used as a taxonomic 
marker within the genus Amycolatopsis (Wink et al. 2004).

The producer of lincomycin (Fig. 10.3, 6) is Streptomyces lincolnensis which 
was isolated from a soil sample collected in Lincoln, Nebraska, in 1955 and later 
described by Mason et al. (1963). In the same year, the in vitro activity against 
Gram-positive bacteria was reported by Lewis. He found that the mode of action 
of lincomycin is very similar to those of macrolides. So both compound classes, 
even if they are chemically different (lincomycin contains propylproline, a deriv-
ative of proline, and the amino sugar methylthiolincosamide, a derivative of the 
C8 sugar octose), bind to the 50S subunit of the bacterial ribosome and inhibit 
the protein biosynthesis. The antibiotic is especially active against Gram-positive 
bacteria as staphylococci and streptococci and is used in the treatment of infec-
tions of the respiratory tract. The resistant mechanisms are similar to those of 
macrolides. Lincomycin belongs to the class of the licosamides as well as the 
semisynthetic compound clindamycin, which is eight times more active (Meyers 
et al. 1969).

Rifamycins (Fig.  10.3, 7), substances of the ansamycin family, are antibiotics 
which are originally produced by members of the genus Amycolatopsis (Sensi et al. 
1958; Wink et al. 2003). The first described rifamycin producer is a typical example 
of incorrect classification and renaming of antibiotic-producing actinobacteria at 
this time. Originally described as Streptomyces mediterranei (Margalith and Beretta 
1960), the strain was later renamed Nocardia mediterranei and even later 
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Amycolatopsis mediterranei (Lechevalier et al. 1986). Rifamycin B, which chemi-
cal structure has been elucidated by Oppolzer et al. (1964), is the precursor of clini-
cally used antibiotics. The mode of action of the ansamycins relies on the inhibition 
of the RNA syntheses by inhibiting the formation of the first phosphodiester bond 
in the RNA chain. They act at the β-subunit of the RNA polymerase and resistances 
can base on modification of this β-chain. The most important side effects of the 
ansamycins which are reported are a damage of the liver (hepatotoxic), a red orange 
color of body fluids basing on the compound color, and in some cases the red man 
syndrome. Due to these side effects, ansamycins were neglected as antibiotics for a 
long time. However, nowadays they became very important again in the treatment 
of mycobacteria like Mycobacterium tuberculosis and M. leprae. Also many semi-
synthetic derivatives like rifamide, rifaximin, rifapentine, rifampicin, and rifabutin 
are on the market.

Novobiocin (Fig. 10.3, 8) is an aminocoumarin antibiotic which is also known as 
albamycin or cathomycin. The producing strain was originally described as 
Streptomyces niveus and has been reclassified as S. sphaeroides by Lanoot et al. 
(2002). The three chemical entities of an aminocoumarin are a benzoic acid deriva-
tive, a coumarin unit, and the sugar novobiocin (Heide 2014). Novobiocin is a potent 
inhibitor of the ATPase reaction which is catalyzed by the GyrB subunit of the DNA 
gyrase (Lewis et al. 1996). There is an overlapping of the binding sites of ATP and 
novobiocin at the binding sites of the gyrase molecule. Resistance to novobiocin 
results from modification of the enzyme, for example, exchanges of two amino 
acids in Gyr B of Staphylococcus saprophyticus: a glycine at position 85 and a 
lysine at position 140 (Vickers et al. 2007).

Cephalosporins are β-lactam antibiotics like penicillins and have been originally 
described as products from the fungus Acremonium chrysogenum (formerly 
Cephalosporium acremonium). In 1971, Nagarajan et al. from Eli Lilly reported the 
production of penicillin N and three derivatives of cephalosporin C as products from 
Streptomyces species. Higgins and Kästner from the same company described in the 
same year the producing strains as Streptomyces clavuligerus sp. nov. and S. lipma-
nii (Fig. 10.4, 1). These strains were also used for many studies of the production 
regulation (Aharonowitz and Demain 1978). Cephalosporins bind to the penicillin- 
binding proteins (PBPs) and inhibit the cell wall formation in proliferating bacteria. 
PBPs are enzymes in the inner wall of the bacterial cell membrane and are respon-
sible for the structural integrity, the cell form, the cell division, the formation of 
capsule, the resistance to bacteriophages, and the regulation of autolysis. The 
β-lactam ring interacts with the PBPs and inhibits the synthesis of the cell wall. 
Most of the bacteria have four to eight PBPs. Resistance to β-lactams can occur by 
modification of the permeability of the outer membrane, modification of the PBPs, 
and also the production of β-lactamases.

Besides the cephalosporin type β-lactams, actinobacteria produce a wide variety 
of different compounds of this group, for instance, thienamycin (Fig. 10.4, 3), which 
was found as a product from Streptomyces cattleya in 1976 and described in 1979 
from Merck Sharp and Dome (Kahan et al. 1979). This compound was the first natu-
rally produced carbapenem antibiotic and is one of the most potent antibiotics 
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showing high activity against Gram-positive and Gram-negative bacteria especially 
those which are resistant due to the production of β-lactamases. In the same year, 
Aoki et al. from Fujisawa published nocardicin (Fig. 10.3, 2), a monocyclic β-lactam 
from the fermentation of Nocardia uniformis subsp. tsuyamanensis (Hashimoto 
et al. 1976).

Streptogramins are the only described antibiotic class which is active by the syn-
ergistic effect of two structural nonrelated compounds. They are produced by 
Streptomyces and Actinoplanes species (Charney et al. 1953). Streptogramins came 
into interest as antibiotics basing on the upcoming resistance development in many 
pathogenic bacteria. Both subgroups bind at the P-domain of the 50S subunit at the 
ribosome and inhibit the elongation of the protein synthesis. The group A members 
of streptogramins are cyclic polyunsaturated macrolactones which contain peptide 
and polyketide elements (Fig. 10.4, 4). The group B members are branched cyclic 
hexa- or heptadepsipeptides (Khosla et al. 1999) (Fig. 10.4, 5). Given separately 
both compounds act bacteriostatically.

However, administered together they show bactericidal activity based on a syn-
ergistic effect due to a modified conformation at the 50S subunit. The binding of 
streptogramin A results in a 100-fold higher activity of streptogramin B. The first 
resistances have already been described shortly after the market launch and were 
based on a 23S-rRNA methylase which modifies the RNA molecule by methylation 
in a way that the interaction between antibiotic and ribosome is prevented. Some 
bacteria developed ABC transporters which are able to pump the streptogramins out 
of the cell actively. Today the streptogramins are only used for serious skin infec-
tions basing on streptococci and nosocomial lung infections caused by vancomycin- 
resistant enterococci.
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10.2.1.2  The Next Generations
After a long period of starvation in antibiotic research, a group of novel lipopeptides was 
isolated from a culture of Streptomyces roseosporus and described in 1987 by Debono 
et al. from Eli Lily. One of the lipopeptides was named daptomycin (Eisenstein et al. 
2010) (Fig. 10.5, 1) and was developed later as an antibiotic by Cubist. Daptomycin has 
a bactericidal effect by integrating calcium dependent into the cell membrane of Gram-
positive bacteria where the drug assumes the function of an ion channel. Once fixed into 
the membrane, the lipopeptide forms pores which lead to an efflux of potassium ions, 
resulting in a depolarization of the membrane potential. As a result, the bacterial DNA, 
RNA, and protein synthesis are influenced (LaPlante and Rybak 2004). Daptomycin is 
actually one of the most potent antibiotics on the market and is used for treatment of seri-
ous infections with Gram-positive pathogens like methicillin-resistant Staphylococcus 
aureus (MRSA) which became resistant against second-line antibiotics like vancomycin. 
As daptomycin is a relatively new antibiotic on the market up to now, only a few cases of 
resistances have been reported. Some Staphylococcus aureus strains have developed a 
regulatory adoption of the cell membrane and wall by mutation, resulting in resistance.

Teicoplanin (Fig. 10.5, 2) is a glycopeptide antibiotic which has originally 
been described as a product of Actinoplanes teichomyceticus (Wink et al. 2006; 
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Somma et al. 1984). This compound has been marketed by Sanofi- Aventis under 
the trade name Targocid as a mixture of several compounds (teicoplanin A2-1 to 
A2-5 and RS-1 to RS-4). The core structure of all components is identical, but 
they can be distinguished according to different side chains and the glycosyl-
ation. Like other glycopeptides, teicoplanin targets the peptidoglycan synthesis. 
As an effective antibiotic against Gram-positive bacteria including methicillin- 
resistant Staphylococcus aureus and Enterococcus faecalis strains, Targocid is 
used in the treatment of such serious infections. Actually three new lipoglyco-
peptides, i.e., telavancin, dalbavancin, and oritavancin, have been registered for 
the treatment of infections with S. aureus, including MRSA (Hesterkamp 2015).

Hoechst Marion Roussel (later Sanofi-Aventis) developed the semisynthetic 
erythromycin derivative telithromycin, brand name Ketek (Fig. 10.5, 3), which has 
been modified by substitution of a keto group for the cladinose sugar, addition of a 
carbamate ring in the lactone ring, and attachment of an alkyl-aryl moiety to this 
carbamate ring (Scheinfeld 2003). To achieve better acid stability, the carbon at 
position 6 has been methylated as is the case in clarithromycin (Griesgraber et al. 
1996). Telithromycin was introduced onto the market between 2001 (Europe) and 
2004 (United States). Like the classical macrolides, telithromycin interferes with 
the protein synthesis by binding to the 50S subunit of the ribosome. The affinity of 
telithromycin is approximately ten times higher than that of erythromycin. 
Furthermore, telithromycin binds simultaneously to two domains of 23S RNA of 
the 50S subunit, while the classical macrolides only bind to one (Zhanel et al. 2002).

10.2.1.3  Oldie Approach
In recent years, some companies, which are still focused on antibiotic research, 
started so-called oldie approaches. Many antibiotics were found, isolated and tested 
during the golden era of antibiotics between 1940 and 1970 (Luepke et al. 2017). 
However, their development has temporarily been suspended at that time, because 
the compounds could not be chemically modified in order to increase solubility/
stability or they did not fit any longer into the companies’ portfolio at that time. 
Some forgotten antibiotics which induced resistance in unproblematic bacterial 
strains or agents of previously neglected disease (e.g., many tropical infection dis-
eases) has currently come back into focus.

In early screening programs for antibacterials at Rhone Poulenc, France, a strong 
activity in the culture extract of a Streptomyces isolate was detected. This strain was 
described in detail in a patent (Mancy et al. 1973), but the description remained 
incomplete and the name was never validated. This active substance, later called 
griselimycin (Fig. 10.5, 1) (Terlain and Thomas 1971), came again back into focus 
of research in the beginning of the twenty-first century due to its specific activity on 
mycolic acid-containing Gram-positive bacteria. In the meantime, both the identifi-
cation and characterization of the biosynthesis gene cluster of griselimycin and 
methylgriselimycin (Broenstrup et al. 2012) and further taxonomic studies of the 
strain have been published (Wink et al.  2017). It was shown that new optimized 
derivatives of griselimycin inhibit the DNA polymerase sliding clamp DnaN of M. 
tuberculosis, both in vitro and in vivo (Kling et al. 2015).
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Telomycin (Fig. 10.6, 2), depsipeptide antibiotic, was isolated by Bristol-Meyers 
Company in the 1950s, and the structure was published in 1967 by Sheehan et al. The 
compound was described as highly active against Gram-positive pathogens, but due to 
undesirable site effects, the further development has been stopped. The compound 
project was then revealed by scientists at Sanofi-Aventis. During fermentation studies, 
they could identify a number of precursors of telomycin, which in turn showed 
enhanced activity against Gram-positive bacteria (Fu et  al. 2015). Due to its novel 
mode of action, telomycin lacks the cross resistance with several clinically important 
antibiotics. One of these compounds displays a strong activity against vancomycin- 
resistant enterococci (VRE).

10.2.1.4  Siderophores
Siderophores are a group of typical secondary metabolites from microorganisms 
especially produced by Actinobacteria. As their biological activity is caused by 
forming chelates with metal ions like iron, they also show toxic side effects. New 
strategies in antibiotic research brought these compounds back into interest (Nagoba 
and Vedpathak 2011). On one hand, siderophores are used as “Trojan horses” as 
transporters through the cell membrane by coupling them with antibiotics (Möllmann 
et al. 2009), and on the other hand they can be coupled to anticalins which act as 
transport vehicle to the pathogens within the patient (Gebauer and Skerra 2009; 
Schlehuber and Skerra 2005).

Albomycin (Fig.  10.7, 1) is an iron chelator which was first described by the 
Russian group of Gause and Brazhnikova (1951). They described the producer as 
Actinomyces subtropicus and the compound as a reddish, iron-containing peptide. 
Although albomycin was found to be active against Gram-positive cocci and Gram- 
negative bacteria and was also classified as nontoxic, a clinical application failed 
because of high resistance development to the antibiotic (Gause 1955). Another 
main problem was the low productivity of the producer strain. In 1985 the group of 
Hans Zähner described a further producing strain of albomycin belonging to the 
species Streptomyces griseus (Fiedler et  al. 1985). Later studies showed that the 
active part of albomycin is a potent seryl-tRNA synthetase inhibitor (Stefanska 
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et al. 2000) and that this effective antibiotic also shows activity against problem 
causing germs like Yersinia enterocolitica and Streptococcus pneumoniae (Pramanik 
et al. 2007). Similar to albomycin are the ferrimycins (Fig. 10.7, 2) which have been 
reported by Bickel et al. (1960, 1966). The ferrimycins are active against Gram- 
positive bacteria by altering the protein biosynthesis. They are produced by 
Streptomyces species, e.g., Streptomyces griseoflavus.

Another iron chelator is salmycin (Fig.  10.7, 3) a product from Streptomyces 
violaceus (Vértesy et al. 1995). Salmycin has a siderophore moiety and an amino-
glycoside moiety which are responsible for the antibiotic uptake in the bacterial cell 
and antibacterial activity, respectively.

10.2.1.5  Conclusion and Outlook
After the golden era of antibiotics, many companies dropped their screening pro-
grams for antibiotics. As a result, we have a lack in the antibiotic pipeline today, 
although new therapeutics are urgently needed because of the rising number of 
resistant pathogenic bacteria (especially in hospitals) and the rising role of the 
neglected diseases, e.g., tuberculosis, tropical viruses, and so on. So the question 
rises whether actinobacteria are still a worthwhile source for novel antibiotics. This 
has been discussed by many authors during the last years. Baltz (2007), for exam-
ple, pointed out the following problems/suggestions:

 – Today only a small number of resources have been analyzed for actinobacteria, 
and many genera and species are waiting for their isolation.
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 – Actinobacteria are the producers of complex antibiotics, which can be modified 
by the use of combinatorial biosynthesis.

 – The analysis of the actinobacteria genome sequences will lead us to many novel 
antimicrobial agents.

The selection of rare actinomycetes and strains from uncommon habitats will enrich 
the chance for novel antibiotics, so that we do not have to screen millions of extracts 
(see Fig. 10.7; Baltz 2006). With the access to biodiversity, development of new isola-
tion methods, use of miniaturized screening approaches, high-throughput generation 
screening of extracts, and highly sophisticated screening approaches will lead us to 
new antibiotics in the future as well (Genilloud et al. 2011). Besides, biodiversity atten-
tion will focus more and more on the issue of using the genome potential (Müller and 
Wink 2014). Bode et al. (2002) showed that also with classical methods like variation 
of media or physical parameters, the production of secondary metabolites in actinobac-
teria can be influenced/increased so that novel compounds could be isolated (Fig. 10.8).

Red to pink zones, the about
10,000,000 actinomycetes

screened until today producing
the known antibiotics.

Green zones, rare
actinomycetes from

special habitats like marine
or endophytic isolates.

Fig. 10.8 For the isolation of novel antibiotics, we should screen “rare” Actinobacteria and those 
from special habitats to avoid the screening of millions of extracts (based on Baltz 2006 and Müller 
and Wink 2014)
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10.2.2  Antifungal Agents

Under the current antifungal therapeutics, only one class of compounds produced 
by actinobacteria plays an important role: the polyene macrolactones (Tanaka 
1992). Nevertheless, today amphotericin B (Fig. 10.9, 1) is the only known com-
pound available for systemic use against fungal infections. Amphotericin was 
described by Trejo and Bennett (1963) as a product of Streptomyces nodosus. The 
biosynthesis and biological properties were published by Gold et  al. (Donovick 
et  al. 1954). The drug in particular was used against infections caused by 
Cryptococcus and zygomycetes as well as against Histoplasma and blastomycosis. 
The polyenic compound interacts with the cell membrane building block ergosterol. 
Ergosterol is a component of the fungal and mycoplasma cell membrane but absent 
in mammals. Based on this interaction, the permeability of the membrane for potas-
sium ions is increasing and the cell becomes leaky. On the other hand, the com-
pound binds not selectively to ergosterol but also to the human stearines and from 
this results the toxicity of the compound. Today amphotericin B is mainly used for 
topical treatment of skin infections. To avoid side effects caused by intravenous use, 
amphotericin B is combined with liposomes or other lipid formulations. In addition 
to amphotericin B, nystatin is another antifungal polyenic compound which is 
already in clinical use. This drug was first described by Hazen and Brown (1950) 
and is produced by Streptomyces noursei. The strain was named after the family 
Nourse from whose garden soil the bacterium was isolated. The mode of action is 
similar to those of amphotericin B, and to date no resistances against these com-
pounds were observed. Nystatin is mainly used prophylactically by immunosup-
pressed people with high risk for fungal infections like AIDS patients or cancer 

H3C

H3C

CH3

CH3

NH2

NH2

OH

OH
OH

OH

1

2

O

O O

O

OH

OHHO

OHOHOHOHHO O

O

HO

OH OH OH

OH

OH

OH
OH

OH

O OO

O

O O

HO

Fig. 10.9 Antifungals. 1 amphotericin B, 2 nystatin

J. Hamedi et al.



283

patients receiving chemotherapy. Nystatin is also widely used as antifungal in 
microbiological laboratories.

There were many approaches to develop special cell wall biosynthesis inhibitors 
as antifungals. Most of them are products of fungi like the candins, a group of glucan 
synthesis inhibitors. Some sphingolipid biosynthesis inhibitors have been found in 
the extracts of some actinobacteria (Streptomyces and Micromonospora) like rustmi-
cin and galbonolide, two macrolides without any sugar moiety (Vicente et al. 2003).

10.2.3  Antiviral Agents: The Labyrinthopeptin Story

A number of antibiotics produced by Actinobacteria also show activity against 
viruses, like kanamycin and hygromycin against orthomyxoviruses, novobiocin and 
daunomycin against herpes viruses, and pepstatin, amphotericin, and doxorubicin 
against retroviruses (HIV). Anyway these substances are unimportant for the clini-
cal treatment of viral infections (Takeshima 1992). Until today the chemically syn-
thesized compound acyclovir in addition to some dideoxynucleotide analogues are 
the most important ones. In the last years, a new group of lantibiotics produced by 
an Actinomadura species comes more and more into focus of research as antiviral 
compounds. As these compounds have a special history which reflects the nonlinear 
way of compound development in pharmaceutical companies, this will be reported 
here (Fig. 10.10).
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The story began in 1988, when a salmon-pink actinobacterium of the neglected 
groups was isolated from a soil sample collected in the Namib Desert, Namibia. The 
strain was screened in several programs, and a weak activity against influenza, her-
pesviruses, and adenoviruses was found. The active compounds were isolated and 
characterized as novel peptides. As this activity was not in a range of interest and the 
structure elucidation was not easy, the company dropped the project. Some years 
later, the strain was identified to be a novel species within the genus Actinomadura 
and was described as Actinomadura namibiensis from Wink et  al. (2003). 
Remembering the novel peptidic structure cooperation with the group of Prof. 
Süssmuth was started. This group could identify the compounds as a novel class 
within the lantibiotics containing the novel amino acid labionin with a special sulfur 
bridge formation (Meindl et al. 2010). Before publishing the structure, the activity 
and structure were patented by the company Sanofi-Aventis in 2008. The strain 
produces three different labyrinthopeptins, whereby labyrinthopeptins A1 and A3 
are the products of one structural gene and labyrinthopeptin A2 derives from a sec-
ond. The company follows the pain killer activity against pain of labyrinthopeptin 
A2 for the next years but dropped it again mainly on the solubility. In between, a 
strong antiviral activity of labyrinthopeptin A1 against HIV and HSV was found 
(Férir et al. 2013). This activity in addition to further activities against other viruses 
is responsible that labyrinthopeptin or its derivatives are on intensive development 
and may get the first antiviral product from actinobacteria.

10.2.4  Antitumor Agents

10.2.4.1  Cytostatics
Actinomycin was the first substance isolated in initial screening programs in 
Waksman’s lab in 1940. The producing microorganism of this polypeptide antibiotic 
is Streptomyces antibioticus subsp. antibioticus (formerly Actinomyces antibioticus) 
(Waksman and Woodruff 1940). As the compound was too toxic, it could not be used 
in antibacterial therapy in humans, even the compound showed interesting activity 
against a broad range of bacteria including tuberculosis (Waksman and Woodruff 
1941). Actinomycin D (Fig. 10.11, 1) a product of Streptomyces parvulus was also 
the first antibiotic with anticancer activity and is still in use in antitumor therapy. The 
compound intercalates with the DNA and inhibits the opening of the double helix. In 
lower dosages, actinomycin D is an inhibitor of the DNA-dependent RNA synthesis 
by intercalation with the guanine nucleotides of the DNA. For the intercalation, the 
asymmetric phenoxazinone plays an important role because it binds selectively to the 
guanine- and cytosine-rich areas of the DNA. This binding at the DNA blocks the 
RNA polymerase. Actinomycin D is as Lyovac-Cosmegen® from MSD as cancer 
therapeutic on the market. Based on its mode of action, actinomycin has also become 
an important tool in molecular and cell biology (Hollstein 1974).

The anthracyclines (Brockmann and Niemeyer 1968) are a family of anticancer 
therapeutics. Daunomycin (Di Marco et al. 1964) and Adriamycin (Arcamone et al. 
1969) are the best known ones (Fig.  10.11, 2). The compounds are products of 

J. Hamedi et al.



285

different species of the genus Streptomyces. Streptomyces peucetius (Grein et al. 
1963), for example, is the producer of daunorubicin, one of the glycosylated anthra-
cyclines. The mode of action is basing on the intercalation with the DNA. The DNA 
synthesis is influenced and topoisomerase II is inhibited. Cytostatic drugs of this 
group are used in the tumor treatment especially in mammary carcinoma, bronchial 
carcinoma, and lymphoma (Fujiwara et al. 1985).

Streptomyces verticillus (formerly Streptoverticillium) is the producer of the gly-
copeptide antibiotic bleomycin (Fig. 10.11, 3) and was first published by Umezawa 
et al. (1966). The therapeutic is a mixture of the two naturally occurring derivatives 
of bleomycin A2 and B2 (Takita et  al. 1972). Bleomycin forms a complex with 
binary metal ions, mainly Fe (II). This complex is oxidized by a reactive oxygen 
type and is activated. This active complex leads to a radical reaction of a nucleotide 
in the small furrow of the DNA resulting in a DNA strand break and fragmentation 
of the DNA (Galm et al. 2005). The biosynthesis of bleomycin is a hybrid between 
polyketide and nonribosomal peptide biosynthesis (Shen et al. 1999).

In 1956 mitomycin C (Fig. 10.11, 4) was isolated as an antibiotic from Streptomyces 
caespitosus (Hata et al. 1956). The compound is active against bacteria, viruses, and 
cancer cell lines and is nowadays used as a cytostatic agent. Mitomycin C intercalates 
between two strands of the DNA, leading to a covalent binding between these strands 
and preventing the dissociation, which is necessary for replication or transcription of the 
DNA. The irreparable damages at the DNA lead to cell apoptosis (Galm et al. 2005).
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10.2.4.2  Toxins for Immunoconjugates
Highly toxic compounds are coming back into the interest of pharmaceutical com-
panies as anticancer therapeutics basing on the technique to combine the toxins with 
specific antibodies. The toxin-carrying antibodies bind to an antigen on the target 
cell, the immunotoxin enters the cell, and the active compound (toxin) kills the 
tumor (Galm et al. 2005).

The endiine class of cytostatics or antibiotics is one of the most important in this 
category (Fig.  10.12, 1). Esperamicins and calicheamicins are the most popular 
compound groups. The detection and structure elucidation took place at two differ-
ent companies at almost the same time. Esperamicins were products from Bristol 
Myers and the calicheamicins from American Cyanamid Company. The producer of 
the esparamycins is an Actinomadura verrucosospora strain, whereas calicheami-
cins are products of Micromonospora echinospora. Both compound groups were 
published in the same journal in the same year as a follow-up of a number of articles 
(Golik et  al. 1987; Lee et  al. 1987). The description of the strain taxonomy and 
additional natural compounds followed in the subsequent years (Lee et al. 1989; 
Maiese et al. 1989). The characteristic of the endiine (or enediyne) is an unsaturated 
core with two acetylenic groups that are conjugated to a double bond. The endiine 
structural moiety can react with the DNA, and by the formation of diradicals, the 
double strand can be damaged or broken. These damages are responsible for the 
cytotoxic effect of the endiines. They are very potent cell toxins with an activity 
which is about 1000-fold higher than in adriamycin. Within the calicheamicins, 
there are members that contain bromine and others that contain iodine; the latter 
were detected by adding sodium iodide to the fermentation broth, which leads to 
new compounds in much higher yields (Lee et al. 1989; Nicolaou and Dai 1991).
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A second example for a high toxic compound that will be used in immunoconjugates is 
leptomycin (Fig. 10.12, 2). This compound was originally identified as an antifungal antibi-
otic produced by a Streptomyces canosus strain (Hamamoto et al. 1983). The antifungal 
activity of leptomycin was observed against Schizosaccharomyces pombe where it causes 
cell elongation and against Mucor strains where the substance causes hyphal swelling. 
Afterward, the effect in mammal cells was found, where leptomycin causes G1 cell cycle 
arrest. The mode of action of leptomycin B is the alkylation and inhibition of chromosomal 
region maintenance (CRMI). This protein is needed for the nuclear export of proteins (Kudo 
et al. 1998, 1999; Nishi et al. 1994). Therefore, leptomycin B is a potent cell cycle blocker.

10.2.5  Immunosuppressive Agents

Two macrolactone macrolides play an important role as immunosuppressant agents. 
Both are produced by Streptomyces species, and both show some structural homol-
ogy but have different modes of action. The first is rapamycin (Fig. 10.13, 1) or 
sirolimus, a product of Streptomyces rapamycinicus (Kumar and Goodfellow 2008) 
which was originally described as Streptomyces hygroscopicus by Vezina et  al. 
(1975). The strain was isolated from a soil sample collected on the Easter Island 
Rapa Nui. The compound was detected due to its antifungal activity, and the struc-
ture was described by Sehgal et al. (1975). The mode of action of rapamycin bases 
on inhibition of some cytokine connected signal transduction pathways by forming 
a complex with the protein mTOR (mammalian target of rapamycin), which is a 
serine/threonine kinase with a size of 282 kDa. As a result, the following activation 
and protein biosynthesis of the S6 kinase (p70SK6) is not possible, and the activa-
tion of the ribosomal protein S6 fails. The inhibition of mTOR inhibits the activa-
tion of the p34cde2 kinase and therefore the complex formation with cyclin E. This 
results in the inhibition of activation as well as the transfer of the T-cells from the 
G1 phase to the S-phase in the cell cycle. Rapamycin is used together with 
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ciclosporin and some corticosteroids for suppression of the organ rejection after 
transplantations. Rapamycin could also be isolated from other actinobacteria like 
Actinoplanes, a species that also produces a number of analogues by microbial 
manipulation (Nlshida et al. 1995).

The second macrolactone macrolide is FK 506 (Fig. 10.13, 2), also called tacro-
limus. This compound was described by Kino et al. (1987) as a fermentation prod-
uct of Streptomyces tsukubaensis detected during a screening for inhibitors of IL-2 
production. The in  vitro immunosuppressive effect was described by the same 
author in the same year. Tacrolimus belongs to the group of the calcineurin inhibi-
tors. The compound acts specific in the signal transduction and activation of T-cells. 
It binds to a cytosolic receptor, an immunophilin (FKBP12), within the target cell. 
The complex which is formed by the immunophilin and tacrolimus binds to the 
serine-threonine phosphatase calcineurin which now cannot be activated anymore. 
Basing on this the transcription and release of some cytokines (especially IL-2 but 
also c-myc, IL-3, TNFα, IFN-ϒ) in the T-cells is inhibited. As a result, the reaction 
of the immune system on the transplanted organ is inhibited. The mode of action of 
tacrolimus is more similar to that of cyclosporine than to that of sirolimus.

10.2.6  Antiparasite Agents

The avermectins (Fig.  10.14, 1) and the milbemycins (Fig.  10.14, 2) are two 
groups of 16-membered macrolactones from different Streptomyces species which 
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show potent anthelmintic and insecticidal activities. Especially the avermectins 
came into public interest, when Satoshi Omura was awarded together with William 
C. Campbell the Nobel Prize for Medicine in 2015 (“the derivatives of which have 
radically lowered the incidence of river blindness and lymphatic filariasis, as well 
as showing efficacy against an expanding number of other parasitic diseases”). 
That was a clear signal for the upcoming role of the “neglected diseases” and their 
treatment.

The history goes back to 1978, when the avermectin producer strain was 
isolated at the Kitasato Institute in Tokyo. In the same year, the strain was 
given to the laboratories of Merck Sharp and Dome for testing, and the anthel-
mintic activity was detected. In 1979, the researchers of this group described 
the avermectins as a new family of potent anthelmintic agents (Burg et  al. 
1979; Miller et al. 1979). The avermectins act at the invertebrate-specific glu-
tamate-gated chloride channel by enhancing the effect of glutamate to this. As 
a result, the transmission of electrical activity in the nerve and muscle cells of 
the invertebrates is blocked (Bloomquist 1996, 2003). These compounds are 
not toxic for mammals, because they do not possess such ion channels 
(Bloomquist 1993). The proposed name of the producer Streptomyces avermiti-
lis was validated by Kim and Goodfellow and also renamed by Takahashi from 
Kitasato Institute to Streptomyces avermectinius, both in 2002 (Kim and 
Goodfellow 2002; Takahashi et al. 2002).

The second group is the milbemycins, aglyca of the avermectins, and also 16-ring 
macrolide. They were first described by Takiguchi et al. (1980) as fermentation prod-
ucts of a Streptomyces strain. The taxonomy of the producing organism and some 
mutants followed 3 years later (Okazaki et al. 1983). Today 13 natural milbemycins 
are known. One is milbemycinoxim, a product of Streptomyces hygroscopicus subsp. 
aureolacrimosus. It enlarges the membrane permeability in invertebrate nerves or 
muscle cells for sodium ions by binding at glutamate- and GABA-activated child 
channels. The result is a hyperpolarization of the cell membrane and a blocking of 
the activation transfer. The therapeutic use is much smaller than in the avermectins.

10.2.7  Enzyme Inhibitors

10.2.7.1  Enzyme Inhibitors: Products from Satoshi Omura’s 
and Hamano Umezawa’s Groups

Staurosporine (Fig. 10.15, 1) is one of the best-known enzyme inhibitors from 
actinobacteria. The compound was found by Satoshi Omura and coworkers in 
the culture of a Streptomyces isolate in 1977. Although the compound is not in 
clinical use, there were many approaches in this direction, and Omura called it 
“a potentially important gift from a microorganism” (Omura et al. 1995). The 
main activity is the inhibition of protein kinase, which results from the preven-
tion of ATP binding to the kinase. The selectivity is low so that many protein 
kinases are inhibited. This is also the main reason why staurosporine did not yet 
reach the clinical phase. Omura described a number of different biological 
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activities of staurosporine, like relaxation of smooth muscle, inhibition of plate-
let aggregation, neurotropic activity, blocking of cell cycle, antitumor activity, 
and activity against hyperplastic cell growth. The development over the last 
years suggests that the encapsulation in liposome nanoparticle might be a new 
way for a therapeutic use of staurosporine as an anticancer product (Mukthavaram 
et al. 2013).

The group of Hamano Umezawa in Tokyo has specialized on the screening of 
enzyme inhibitors from Actinobacteria for many years. Three examples which are 
well known and used in biochemistry but have not reached clinical use are the pro-
tease inhibitors bestatin (Ubimex/Fig. 10.15, 2) from Streptomyces olivoreticuli 
(Umezawa et  al. 1976); leupeptin (Fig.  10.15, 3) from Streptomyces roseus, S. 
roseochromogenes, S. chartreuse, S. albireticuli, S. thioluteus, S. lavendulae, and S. 
noboritoensis (Aoyagi et al. 1969); and antipain (Fig. 10.15, 4) from a nonspecified 
Streptomyces (Umezawa et al. 1972).

10.2.7.2  α-Glucosidase Inhibitor Acarbose
Acarbose is a pseudotetrasaccharide and is used as an oral antidiabetic agent. 
Together with a number of structural-related pseudo-oligosaccharides, the com-
pound is produced by a strain of the genus Actinoplanes (Müller et  al. 1980). 
Acarbose is an inhibitor of the α-glucosidase, an enzyme which catalyzes the hydro-
lysis of oligo-, tri-, and disaccharides to glucose in the gut. As a result, the blood 
sugar level after a meal is reduced (Müller 1989; Truscheit et al. 1981). Basing on 
this acarbose is used for treatment of diabetes mellitus type 2 and is sold by Bayer 
under the trade name Glucobay (Fig. 10.16).
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10.3  Actinobacteria and White Biotechnology

Converting living organisms into bio-factories for the sustainable production of a 
variety of materials using renewable sources is the goal of white or industrial bio-
technology. The importance of industrial biotechnology is majorly due to its inde-
pendency to traditional petrochemical feedstock with where “white” is referring to 
the positive environmental aspects linked to the application of industrial biotechnol-
ogy. Other than environmental and ecological benefits, products of white biotech-
nology display better performance in comparison with chemical-based productions 
in terms of reaction rate and efficiency, purity of the final product, as well as the 
better energy consumption profile and lower chemical waste generation. Hence, 
white biotechnology has been widely accepting and is efficiently penetrated in all 
sectors of industrial productions (Soetaert and Vandamme 2006). The field inte-
grates the application of different disciplines including microbiology, biochemistry, 
and molecular genetics as well as process technology and design. Here, the use of 
microbial cells and their biocatalysts has been greatly developed and efficient. In 
this section, the wide potentials of actinobacterial members in the field of white 
biotechnology are reviewed.

10.3.1  Enzymes

More than 50% of the industrial enzymes are obtained from bacteria within which 
there is a wide array of enzymes derived from various genera of actinobacteria. 
Since these microorganisms are one of the ubiquitous dominant groups of bacteria, 
they are able to produce various kinds of extracellular enzymes which can decom-
pose different materials. On the other hand, their enzymes have been proved to be 
more attractive than enzymes from other sources due to their higher stability and 
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substrate specificity reported by many studies (Jaouadi et al. 2010; Nawani et al. 
2002; Zhang et al. 2011).

According to the results obtained from BRENDA database which is a compre-
hensive enzyme information system (Schomburg et  al. 2002), more than 66,900 
enzymes have been found today from actinobacteria among which there are several 
industrially important enzymes within which the most notable examples are dis-
cussed below.

10.3.1.1  Proteases
Hydrolases are the largest group of commercially applicable enzymes and are 
often of great demand. Among the hydrolases, microbial proteases (EC 3:4, 
11–19, 20–24, 99) occupy an important platform and have been extensively 
studied (Nigam 2013). Depending on their catalytic pH optima, these enzymes 
are classified as acidic, neutral, or alkaline protease among which alkaline and 
neutral proteases own an important commercial share due to their use in deter-
gent, leather tanning, silk, and food industry. Microbial alkaline proteases are 
accounting for more than 65% share of the mentioned industries, thus dominat-
ing the world enzyme market (Mienda et al. 2014). Although Bacillus spp. are 
the major producers of these enzymes industrially, actinobacteria show good 
promises. Alkaline proteases are majorly produced by Streptomyces spp. among 
actinobacteria. On the other hand, proteases obtained from Nocardiopsis spp. 
are being mostly employed as detergent additives as well as for depilation in 
leather industry (Moreira et al. 2002). Most importantly, a large variety of alka-
liphile or alkalitolerant actinobacteria produces alkalistable proteases. 
Alkalistable proteases are potent candidates in industry since they are also 
thermostable and resistant in the presence of many organic solvents. Most 
recently there have been potent commercially relevant alkalistable proteases 
discovered from Saccharomonospora viridis SJ-21 whose optimum tempera-
ture and pH is 70 °C and 9, respectively (Jani et al. 2012), as well as a protease 
from Nocardiopsis prasina HA-4 with the mentioned factors being 55 °C and 
7–10, respectively (Ningthoujam et  al. 2009). Table  10.2 demonstrates the 
most important actinobacteria used in industrially relevant production of 
proteases.

Efforts in finding novel potent proteases are increasingly continued within acti-
nobacterial species, and promising candidates are being screened and introduced to 
further enter the relevant industrial procedure (Gohel and Singh 2015; Rohamare 
et al. 2015; Touioui et al. 2015; Xin et al. 2015).
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10.3.1.2  Amylases
Amylases are another group of main enzymes used in industry which hydrolyze 
the starch molecules into polymers composed of glucose units. These enzymes 
are produced by various organisms; however, microbial amylases have domi-
nated the industrial sectors (Souza 2010). Amylases are widely used in pulp and 
paper, textile, laundry detergents, baking, brewing, juice industries, and gener-
ally in any starch processing industrial procedure with occupying 25% of the 
global enzyme markets. The genera Nocardia and Streptomyces display amylo-
lytic activity when cultivated on media with maltose; therefore, the presence of 
these enzymes in actinobacteria is a well-known phenomenon (Mordarski et al. 
1969). Table 10.3 shows the most important industrially viable amylases from 
actinobacteria. S. erumpens produces thermophilic and acidophilic amylases 
which can find applications in bakery, brewing, and alcohol industries. 
Nocardiopsis sp. also produces thermostable amylases with applications in 
paper and bakery industries. S. hygroscopicus and S. praecox are two actinobac-
teria which are being commercially used for the preparation of high maltose 
syrups to date.

Table 10.2 Major protease-producing actinobacteria

Organism Important properties of the produced enzyme Reference
Arthrobacter 
protophormiae

Broad range of optimum pH 11–12, high 
isoelectric point

Takegawa et al. 
(1993)

Brevibacterium linens Stable over a pH range from 6 to 10, optimum 
pH 8

Juhasz and Škárka 
(1990)

Microbacterium sp. Stable over the pH range of 5–12, Ca2+ 
required for enzyme activity, and stability in 
over 50 °C

Gessesse and 
Gashe (1997)

Nocardiopsis 
dassonvillei

Stable in the range of pH 4–8, optimum 
temperature 70 °C

Tsujibo et al. 
(1990)

Nocardiopsis sp. Stable in the presence of oxidants and 
surfactants, active after 30 min in 80 °C

Moreira et al. 
(2002)

Pimelobacter sp. 2483 Optimum pH and temperature for the 
hydrolysis of casein 9 and 50 °C, respectively

Oyama et al. 
(1997)

Streptomyces microflavus Neutral protease Rifaat et al. (2005)
Thermomonospora fusca Activity from 35 to 95 °C Gusek and 

Kinsella (1987)
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10.3.1.3  Xylanases
Xylanase which hydrolases xylan, the second most abundant polysaccharide in nature, 
has the potential applications in food and feed industries for the production of d-xylose 
(an artificial sweetener), paper and pulp industries, as well as in biofuel production 
process from agricultural biomass (Dodd and Cann 2009; Viikari et al. 2007).

Microbial xylanases occur in the form of extracellular complexes like cellulases, 
and they comprise endo- and exo-xylanases which are different in substrate speci-
ficity. Mesophilic actinobacteria produce the endo-type xylanases among which 
many are found in Streptomyces spp. (Kluepfel et  al. 1986; Marui et  al. 1985; 
Nakajima et al. 1984). Most of the xylanases explored exhibit their optimum activ-
ity at 40–60 °C, and there are few thermophilic actinobacteria studied for the pro-
duction of heat-resistant xylanases. Thermomonospora sp. is of the studied 
actinobacterial members producing thermostable xylanase whose optimum tem-
perature is 60–70 °C and at pH from 5.0 to 8.0. Apart from being industrially rele-
vant for food and feed industry, these enzymes are great candidates for biodegradation 
of hemicelluloses and xylanases as burden biomass (Vaijayanthi et  al. 2016). 
Although there are an increasing number of xylanases discovered from actinobacte-
ria, the commercially relevant xylanase producers from Actinobacteria phylum are 
Thermomonospora fusca used in paper and pulp industry (McCarthy et al. 1985), 
Streptomyces sp. Ab106 (McCarthy et  al. 1985), and Kocuria sp. RM1 which is 
applicable in animal feed industry (Krishna et al. 2008).

10.3.1.4  Cellulases
Cellulases are produced by a large diversity of bacteria and fungi, and their synthe-
sis is induced during their growth on cellulosic materials. These enzymes are clas-
sified into three main groups, endo-(1,4)-β-D-glucanase (EC 3.2.1.4), 
exo-(1,4)-β-D-glucanase (EC 3.2.1.91), and β-glucosidases (EC 3.2.1.21), which 

Table 10.3 Industrially important actinobacterial amylase producers

Organism
Important properties of the produced 
enzyme Reference

Streptomyces 
hygroscopicus

Converts starch to maltose in 75% yield McKillop et al. (1986)

Streptomyces limosus Unstable above 45 °C but at 25 °C 
efficiently attacks raw starch granules

Fairbairn et al. (1986)

Streptomyces praecox Converts maltotriose without 
appreciable formation of glucose

Suganuma et al. 
(1980)

Streptomyces erumpens Thermostable Kar and Ray (2008)
Nocardiopsis sp. 100% of residual activity at 70 °C Stamford et al. (2001)
Thermomonospora curvata Does not accumulate products 

repressive to cellulase production 
during growth on starch/cellulose ratios

Stutzenberger and 
Carnell (1977)

Thermobifida fusca Maltotriose producing Yang and Liu (2004, 
2007)
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differently catalyze the substrate, thus producing different products. Accordingly, 
exo-glucanase catalyzes at the ends of the cellulose chain and the end product would 
be β-cellobiose, while endo-glucanase produces glucan chains via random catalysis 
of glycosidic bonds. The latter group of cellulases or the β-glycosidases produces 
glucose with their substrates being specifically β-cellobiose disaccharides (Kuhad 
et al. 2011). Cellulases possess various applications in different industries such as 
being used in cellulose-based detergents, improved fabric quality and removal of 
excess dye from fabrics in textile industry, conversion of cellulosic materials to 
ethanol, and production of energy-rich animal feed in fermentation and bioconver-
sion industry as well as its use in pulp and paper industry as co-additive for bleach-
ing (Kuhad et al. 2011). Therefore, the increasing demand for cellulase production 
to be used in different industries requires an efficient and non-expensive strategy for 
which microbial resources are great candidates (Karmakar and Ray 2011).

Members of several mesophilic and thermophilic actinobacteria have been stud-
ied for their ability to degrade cellulose (Table 10.4). The cellulases of T. fusca and 
Acidothermus cellulolyticus have extensively been studied and are being used in 
bioethanol production from plant cell components (Kim et  al. 2005; Mielenz 
2001). Streptomyces transformant T3-1 is another thermostable cellulose producer 
whose enzyme is shown to be stable at 50 °C for more than 7 days and is one of the 
most industrially important cellulases within actinobacterial members (Jang and 
Chen 2003).

10.3.1.5  Other Enzymes
There is an array of other industrially important enzyme being produced by actino-
bacteria including laccases, dextranases, lipases, etc., which are potentially imple-
mented in different industries. However, the production of these enzymes by 
actinobacteria is to some extent less studied in comparison to the previously 
described enzymes. Data on these enzymes are collected in Table 10.5.

Table 10.4 Actinobacterial producers of cellulases

Organism
Important properties of the produced 
enzyme Reference

Thermomonospora spp. Thermostable proteases, produces in 
high titer

Ferchak and Pye (1980), 
Moreira et al. (1981), and 
Stutzenberger (1972)

Streptomyces antibioticus Endo-cellulase, acts on 
carboxymethylcellulose

Enger and Sleeper (1965)

Streptomyces flavogriseus Induced by xylan, effectively 
hydrolyze acid-swollen cellulose

Kluepfel and Ishaque 
(1982)

Thermobifida fusca Efficient in degrading apple peel Kim et al. (2005)
Acidothermus 
cellulolyticus

Thermostable Mohagheghi et al. (1986)

Streptomyces transformant 
T3–1

Thermostable cellulase whose 
activity is stable at 50 °C for more 
than 7 days

Jang and Chen (2003)
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10.3.2  Organic Acids

Although not the first microorganism of choice for industrial production of organic 
acids, Corynebacterium glutamicum as a prominent member of actinobacteria is 
reported to be able to produce some types of organic acids such as lactic acid, suc-
cinic acid, and acetic acid from glucose in mineral medium under oxygen depriva-
tion (Inui et al. 2004). Consequently, Okino et al. introduced a new bioprocess for 
organic acid production implementing C. glutamicum. They have shown that organic 
acid production of bacterium under oxygen deprivation was more efficient than con-
ventional fermentations in terms of volumetric productivity and dispensability of 
complex nutrients thus being promising for further use in larger scales (Okino et al. 
2005). On the other hand, propionic acid is the by-product of cobalamin production 
by Propionibacterium shermanii and Propionibacterium freudenreichii that is cru-
cial for efficient production of this vitamin as it acts as a neutralizer (Martens et al. 
2002). However, it seems that by using in situ separation method for propionic acid 
removal, organic acid can be kept as the second product.

Generally, Streptomyces are reported to acidify the medium to a small degree 
anility of which is varying depending on the source of their isolation and low pH 
tolerance. Therefore, the search for organic acid production in these bacteria seems 
reasonable. Accordingly, Streptomyces have been reported to be capable of produc-
ing pyruvic, alpha-ketoglutaric, lactic, and succinic acid. However, this production 

Table 10.5 Industrially important miscellaneous enzymes from actinobacteria

Enzyme Producer organism Application Reference
Keratinase Thermomonospora curvata Pharmaceutical Stutzenberger 

(1971)
Actinomadura keratinilytica 
Cpt29

Leather industry Habbeche et al. 
(2014)

Dextranase Streptomyces sp. NK458 White sugar production Purushe et al. 
(2012)

Laccase Thermobifida fusca Waste and textile dye 
treatment, hair coloring

Chen et al. (2013)

Streptomyces sp. SB086 Waste and textile dye 
treatment

Fernandes et al. 
(2014)

Lipase Streptomyces rimosus 
R6-554W

Thermostable lipase Abramić et al. 
(1999)

Streptomyces lavendulae Cholesterol esterase 
used in clinical tests

Kamei et al. (1979)

Rhodococcus (Nocardia) 
erythropolis

Cholesterol esterase 
used in clinical tests

Kurane et al. (1984)

Chitinase Streptomyces griseus Fungal cell wall 
degradation, utilization 
of chitin wastes

Kurane et al. (1984)

Streptomyces orientalis Fungal cell wall 
degradation

Tominaga and 
Tsujisaka (1976)

Pectinase Streptomyces lydicus Beverage and textile 
industry

Jacob et al. (2008)
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is inherently not industrially relevant in terms of yield, and further studies can be 
performed to optimize the production of such acids.

Although actinobacterial organic acids have not been yet entered commercially 
relevant phases, they could be good candidates due to their specific metabolic and 
physiological traits and can be improved for organic acid production via modern 
technologies such as in situ downstream processing, synthetic biology, or metabolic 
engineering if elucidated to be useful.

10.3.3  Microbial Biotransformation

Chemical reaction catalyzed by microbial cells or enzymes isolated from them is 
called biotransformation. The strategy is generally used for yielding metabolites 
with novel structure and function as in pharmaceutical research to discover or design 
new drugs (Pervaiz et al. 2013) as well as in bioremediation where hazardous com-
pounds can be transformed to their nontoxic derivatives (Díaz 2008).

One of the industrially relevant biotransformation procedures is the transfor-
mation of nitrile compounds. Nitriles (RC ≡ N) can be produced whether natu-
rally (through anaerobic degradation of amino acids or by cyanogenic plants) or 
synthesized chemically. These compounds have various uses in the manufactur-
ing process of glue and rubber. Furthermore, reduction of nitrile compounds pro-
vides a range of commercially important chemicals. However, they are thought 
to be persistent toxic materials in the environment which should be converted 
into nonhazardous compounds (Velankar et  al. 2010). Biotransformation of 
nitrile compounds is performed via whole cells, cell extracts, and isolated 
enzymes in which members of actinobacteria show promises (Velankar et  al. 
2010). Enzymes used for the procedure are mesophilic or thermophilic nitrilases 
and nitrile hydrolase/amidases sourced from different bacteria including actino-
bacteria as well as fungi. Arthrobacter nitroguajacolicus (Shen et  al. 2009), 
Streptomyces sp. (Nigam et al. 2009), Rhodococcus ruber (Zhang et al. 2009), 
Nocardia (Bhalla and Kumar 2005), and Nitriliruptor alkaliphilus ANL-iso2 
(Sorokin et al. 2009) are of most important examples of actinobacterial produc-
ers of these enzymes which are reported to be potent in biotransformation of 
nitrile compounds in industry.

Synthesis of steroid hormones is another procedure being preferably performed 
via microbial transformation. Steroids are clinically used in different medical seg-
ments such as endocrinology, oncology, rheumatology, gynecology, etc. The pro-
duction of different steroid-based drugs and hormones is currently being performed 
via combination of microbial biotransformation and chemical synthesis. 
Accordingly, many members of actinobacteria are capable of biotransforming ste-
roid core to different derivatives. These reactions include dehydrogenation, double 
bond isomerization, oxidation of steroid alcohols, as well as double bond hydroge-
nation, hydroxylation, etc. (Donova 2007). Here, the ability to dehydrogenate C-C 
bonds within the steroid nucleus is a distinct feature of actinobacteria. Actinobacterial 
genera such as Streptomyces, Actinoplanes, Corynebacterium, Arthrobacter, 
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Micromonospora, Nocardia, Rhodococcus, Gordonia neofelifaecis (Liu et al. 2011), 
and Mycobacterium are known to be capable of effecting the mentioned diverse 
types of steroid transformation (Donova 2007; Donova and Egorova 2012). More 
importantly, microbiological 1(2)-dehydrogenation of 3-ketosteroids by actinobac-
terial species such as Arthrobacter simplex (Sebek and Perlman 1979) has been for 
more than 30 years, the base of technologies for manufacturing androsta- 1,4-dien-
3,17-dione (ADD) such as prednisolone (a corticosteroid) (Fig. 10.17) in pharma-
ceutical industry due to the high level of 3-ketosteroid-1(2)-dehydrogenase in these 
bacteria (Luthra et al. 2015).

As another example, Streptomyces griseus is reported by Gurram et  al. to be 
capable of biotransforming meloxicam to 5-hydroxymethyl meloxicam in a higher 
yield and 5-carboxy meloxicam in trace amounts (Fig. 10.18) (Gurram et al. 2009). 
Meloxicam is a nonsteroidal anti-inflammatory drug (NSAID) developed for the 
treatment of rheumatoid arthritis and osteoarthritis which is sold in more than 30 
countries worldwide. The pharmacokinetic and pharmacodynamics of the biotrans-
formed products of this drug are found to be enhanced and thus can be promising 
drug candidates whose development is in progress (Pervaiz et al. 2013).

To better elucidate the actinobacteria’s potential in biotransforming drug com-
pounds, Streptomyces griseus can also transform albendazole (an antiparasitic com-
pound) to albendazole sulfoxide (possess greater solubility in comparison to 
albendazole) (Prasad et al. 2010) (Fig. 10.19).
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10.3.4  Biofuel

Currently there is an immense interest in biofuel research due to the great energy 
demand and increase in global fossil fuel prices. In the first-generation biofuel pro-
duction, food crops such as sugar and wheat are the feedstocks. Since in this strat-
egy food crops are being used while the lack of food is a serious global challenge, 
the second generation comes to address the problem where non-food crops such as 
wood and organic waste were studied for their potentials in biofuel production. 
Microorganisms are being vastly implemented in this research area for the produc-
tion of different kinds of biofuels such as ethanol, hydrogen, biogas, and biodiesel 
from cheap and abundant raw materials such as cellulose, xylan, lignocellulose, and 
generally nonedible carbohydrates which are considered to as bioburdens (Elshahed 
2010). Accordingly, as mentioned in Sect. 10.2.1, many actinobacterial species are 
potent in degrading cellulosic and hemicellulosic biomass (as burden biomasses) 
and therefore are candidates in an economic biofuel industry.

As an industrially performed process, in 2013, Actinogen announced an increase 
of up to 37% in ethanol production from glycerol. The research confirmed that 
Actinogen’s system, which is based on actinomycetes from Western Australian soil 
samples, produces cellulases for conversion of cellulose to ethanol (Ltd 2013). In a 
more recent study, Hardter et al. have used genetically modified Streptomyces coeli-
color A3 harboring synthetic genes adhB and pdc encoding an alcohol dehydroge-
nase and a pyruvate decarboxylase, for ethanol production up to 2.6 g/L, respectively 
(Hardter et al. 2012). Streptomyces was chosen because it has the capacity to with-
stand relatively low pH; high temperature; high sugar, salt, and ethanol concentra-
tions; and other various harsh conditions, which could be used to develop an advanced 
biocatalyst and improve the commercial competitiveness of fuel ethanol production 
(Hardter et al. 2012). Moreover, a novel strategy is recently shown to be the imple-
mentation of microbial oils as feedstocks for biodiesel production which may be 
produced by yeast, fungi, and also actinobacteria. Although the study is its infancy, it 
has great promises in biofuel industry (Saraf and Hastings 2010). Actinobacteria can 
be indirectly used for similar strategy where their lipases can be used for the optimi-
zation of natural oils used for biodiesel production (Purushothaman 2015).

It should be noted that recently, biofuel production based on algal and cyanobac-
terial biomass has been also attracted attentions due to the fact that these organisms 
can use CO2 as their carbon source and thus reduce the concerning amount of this 
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greenhouse gas from the atmosphere while at the same time being implemented as 
biofuel producing organisms, thus representing a promising future. On the other 
hand, actinobacteria with their astonishing catalytic potentials can be efficiently 
implemented to use the carbohydrate bioburden on the planet (containing mainly 
lignocellulose) which is produced 150–170 × 109 tons annually (Hadar 2013) as 
their carbon source while using their metabolic potential for biofuel production.

10.4  Actinobacteria and Green Biotechnology

The rising need for food supply due to the ever-increasing world population demands 
an efficient and sustainable agricultural productivity. Biotechnological innovations 
have been expanded widely to this area and have shown great promises. From 
genetically modified crops to strategies for optimizing the yield and quality traits of 
agricultural productions, green biotechnology is efficiently contributing. In general, 
there are three approaches in green biotechnology including the increasing of crop 
yield and growth control of unwanted plants, improving the tolerance of crops to 
abiotic stresses, and implementing plants as factories for the production of useful 
metabolites.

The role of microorganisms in achieving a sustainable agriculture is considerable 
due to the fact that there is a genetic dependency of plants on the beneficial func-
tions provided by symbiotic cohabitants such as bacteria and fungi. Moreover, 
microorganisms are shown to significantly affect plant fitness and soil quality, 
thereby increasing the productivity of agriculture and stability of soil (Hamedi and 
Mohammadipanah 2015). Hence, the rational implementations of such potentials 
can be a good step in agricultural biotechnology. Since actinobacteria are distrib-
uted vastly in different environments such as soil and in association with plants, 
their application is also promising.

10.4.1  Biocontrol

Actinobacteria are widely distributed in association with plant in natural envi-
ronments either as symbionts or parasites (Hamedi and Mohammadipanah 2015; 
Okazaki et  al. 1995). These so-called endophytic bacteria usually give some 
physiological and environmental advantages to their host plants such as produc-
ing enzymes able to degrade the virulence factors of phytopathogens as well as 
increasing the drought, radiation, or heavy metal resistance of plants by regulat-
ing the biosynthesis of specific phytohormones (Hamedi and Mohammadipanah 
2015). Among these advantages is that they sometimes make the host plants a 
kind of resistance to the plant’s pathogens. Therefore, they can be rationally used 
as biocontrol agents. Being more predominantly investigated among actinobac-
teria, Streptomyces spp., isolated from the rhizosphere, are believed to be a very 
promising group of biocontrol agents of many plant pathogens whose functional-
ity is mainly thought to be due to its antibiosis and degradation of phytotoxins 
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(El-Tarabily and Sivasithamparam 2006; Okazaki et  al. 1995; Sabaratnam and 
Traquair 2002; Xiao et al. 2002). A comprehensive review of these actinobacteria 
can be studied in the study of Shimizu (2011). Examples of non-streptomycete 
actinobacteria are also reported for their use in biocontrol which include 
Actinoplanes spp. against Pythium damping-off (Khan et  al. 1997) and 
Microbispora sp. against Gaeumannomyces graminis var. tritici in wheat 
(Coombs et al. 2004). Several actinobacteria produce phytohormones or modu-
late such hormones in plants. Members of the genera Micromonospora, 
Streptomyces, Actinoplanes, and Frankia are reported to produce or modulate the 
production of auxin, salicylic acid, cytokinins, and gibberellins, respectively 
(Fig. 10.20) (Hirsch and Valdés 2010; Lin et al. 2012; Scherlach and Hertweck 
2009; Solans et al. 2011).

There are a number of commercially used products based on these plant growth- 
promoting actinobacteria in agriculture such as Actino-Iron® which contains 
Streptomyces lydicus strain WYEC 108 as an active fungicide ingredient, thus being 
used as a biocontrol commercial agent (Crawford et al. 2005).

Other than the role of actinobacteria in producing or modulating the phytohor-
mones, many of them produce antimicrobial agents which can be used to fight 
against plant pathogens, many of which are commercially available. For instance, 
Plantomycin® which is bactericidal combination of actinobacterial antibiotics 
(mainly streptomycin from Streptomyces griseus) is being commercially used for 
the control of bacterial diseases in plants. Other examples are Kasumin™, Bio- 
Mycin, and Omycin which are kasugamycins from Streptomyces kasugaensis and 
act as antibacterial and antifungals for plant diseases. PH-D® Fungicide is also an 
antifungal product based on Polyoxin D from Streptomyces cacaoi var. asoensis 
which is also commercially available. More actinobacterial products used in bio-
control of crops can be found in Hamedi and Mohammadipanah (2015).

Although there are several commercial products and an increasing number of 
actinobacteria are being discovered as appropriate candidates for biocontrol of 
many plant-associated diseases, the important point to be kept in mind is that the 
development of appropriate bioformulation of products and delivery of the endo-
phytic actinomycetes to viably implement them in practical agronomical production 
must be efficiently considered.
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10.4.2  Herbicides and Insecticides

Bioherbicides especially microherbicides are shown to be effective for weed control 
and are becoming attractive for research and application due to the increase of 
global environmental consciousness. Bacteria and fungi are microbial sources of 
bioherbicides or phytotoxins. Anisomycin (Fig. 10.21a), a herbicide obtained from 
Streptomyces toyocaensis, provided the chemical basis for the development of syn-
thetic commercial herbicides such as methoxyphenone (Fig. 10.21b) (Yamada et al. 
1972). Anisomycin and methoxyphenone have been reported to display significant 
activity against barnyard grass as well as crabgrass (Saxena 2015). As another 
example of industrially relevant actinobacterial herbicides, bialaphos (Fig. 10.21c), 
which is being marketed in Japan as a broad-spectrum herbicide, was isolated from 
Streptomyces viridochromogenes (Sekizawa and Takematsu 2013).

Table 10.6 shows the most important actinobacterial herbicides being success-
fully implemented. Although the producer actinobacteria are mostly Streptomyces 
species, there are non-Streptomyces actinobacteria reported by Hamedi et al. such as 
Nocardia, Nocardiopsis, and Micromonospora which were verified to produce the 
necrosis and ethylene-inducing peptide (NEP)-like family of proteins [Nep-like pro-
teins (NLPs)] as a recently discovered group of phytotoxins (Hamedi et al. 2015b). 
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Nep1 is a bioherbicide protein effective against dicotyledonous weeds first isolated 
from Fusarium oxysporum. However, the gene encoding this protein (nlp) is also 
found in many actinobacteria including Streptomyces spp. as well as non- Streptomyces 
species which can represent candidates for the production of this bioherbicide 
(Hamedi et al. 2015b).

There are also various actinobacterial insecticides such as avermectins from 
Streptomyces avermitilis (Putter et al. 1981) which are mainly used in various crops 
such as citrus, pome fruits (e.g., apples and pears), vegetables, and cotton. 
Milbemectin—another avermectin derivative—is used to combat the many different 
mites in tea and pome fruits (e.g., apples). It acts also against pine wood nematode 
which devastates pine trees. Valinomycin (Heisey et al. 1988) and piericidins (Putter 
et al. 1981) are two other important insecticides produced by Streptomyces griseus 
and Streptomyces sp., respectively.

10.4.3  Animal Growth Promoters

After the introduction of antibiotics as therapeutic agents, their role in promoting 
growth in farm animals was soon discovered. The effect was observed firstly in 
chickens when feeding fermentation offal from the chlortetracycline production of 
Streptomyces aureofaciens. Since then several kinds of these compounds regarded 
to as antimicrobial growth promoters (AGPs) were discovered to enhance the 
growth and decrease the morbidity and mortality rate of farm animals (Butaye et al. 
2003). Apparently, actinobacteria as a major source of antibiotics are of notable 
importance as a source for AGPs. A major part of commercially used AGPs includes 
those produced by actinobacterial species (especially streptomycetes) which are 
shown in Table 10.7.

The compounds are classified as non-ionophoretic and ionophore antibiotics. 
Ionophore antibiotics such as monensin, salinomycin, narasin, and lasalocid are 
extracted mainly from actinomycetes and usually Streptomyces spp. It must be 
noted that an ideal AGP to be used directly in human-related usages must not have 
antibiotic activity due to antibiotic resistance issues. Generally, although there are 

Table 10.6 Applicable actinobacterial herbicides

Organism Herbicide Reference
Streptomyces saganonensis Herbicidins Duke et al. (2000)

Herbimycins
Streptomyces toyocaensis Anisomycins Yamada et al. (1972)
Streptomyces hygroscopicus Carbocyclic coformycin Pillmoor (1998)

Hydantocidin
Streptomyces sp. Phthoxazolin YanChu (1993)

Hydantocidin
Homoalanosin

Streptomyces viridochromogenes Bialaphos Sekizawa and Takematsu 
(2013)
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concerns on using AGPs and regulations have been exerted and caused the use of 
many important AGPs to be banned in some countries, many of them are being 
widely used in animal husbandry (Dibner and Richards 2005) such as bleomycin, 
tetracycline, and chlotetracycline (Modi et al. 2011).

10.5  Actinobacteria and Yellow Biotechnology

One of the oldest branches of biotechnology is perhaps the field associated with pro-
viding human and animal food which is classified as yellow biotechnology in the 
color code discussed before (although in another classification yellow biotechnology 
refers to biotechnology of insects). The application of ancient fermentation procedure 
for the production of wine, cheese, and bread by ancient civilizations can be catego-
rized in this branch. However, currently the yellow biotechnology is mainly concerned 
with fortifying the nutritional value of human food (especially the production of func-
tional foods) as well as animal feed (Kafarski 2012). Hereby, microbial processing is 
of great importance due to their vast metabolic and enzymatic potencies and feasibil-
ity of production among which the potential of actinobacteria is being discussed.

10.5.1  Vitamins

Microorganisms can be successfully used for the commercial production of many of 
the vitamins; the microbial production of vitamin B12 (cobalamin), riboflavin, ascor-
bic acid, and β-carotene is believed to be economically more feasible. Accordingly, 
actinobacteria show good contributions in the production of many vitamins.

Vitamin B12 is industrially produced by fermentation of many bacteria mainly by 
Propionibacterium freudenreichii which is able to produce this vitamin for about 
206  mg/L as well as Rhodopseudomonas protamicus with 135  mg/L production 
(Martens et  al. 2002) and also by Streptomyces olivaceus (Hall 1953) and 
Propionibacterium shermanii (Battersby et  al. 1977) and to lesser extent by 
Micromonospora sp. (Martens et al. 2002), Nocardia gardneri (Balagurunathan and 
Radhakrishnan 2010), and Nocardia sp. (Burgess et al. 2009).

Table 10.7 Important AGPs produced from actinobacteria

AGP Producer organism Reference
Bambermycin (or 
meonomycin)

Streptomyces bambergiensis Huber et al. (1964)
Streptomyces ghanaensis
Streptomyces geysirensis
Streptomyces ederensis

Monensin Streptomyces cinnamonensis Haney and Hoehn (1966)
Streptogramins Streptomyces virginiae Cocito et al. (1997)

Streptomyces pristinaspiralis
Avilamycin Streptomyces viridochromogenes Mertz et al. (1986)
Tylosin Streptomyces fradiae Hamill et al. (1961)
Salinomycin Streptomyces albus Butaye et al. (2003)
Narasin Streptomyces aureofaciens Droumev (1983)
Efrotomycin Nocardia lactamdurans Frost et al. (1976)
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Moreover, in 2010, Falentin et al. reported that Propionibacterium freudenreichii 
possesses a complete enzymatic arsenal for de novo biosynthesis of amino acids and 
vitamins other than cobalamin (except pantothenate and biotin) (Falentin et  al. 
2010). As another example, vitamin d-pantothenate, whose production is dependent 
on the synthesis of the amino acid l-aspartate, can be produced via the well-known 
actinobacterium Corynebacterium glutamicum (Kalinowski et al. 2003). Riboflavin 
(vitamin B2) is reported to be produced in the genetically engineered Corynebacterium 
ammoniagenes which overexpress genes of the enzymes involved in riboflavin bio-
synthesis resulting in the 17-fold accumulation as much riboflavin as the host strain 
(Koizumi et al. 2000).

10.5.2  Amino Acids

Amino acid production has occupied a great industrial share as being applicable in 
the food, feed, pharmaceutical, and chemical industry as intermediates. In 2013, the 
fermentative production of l-glutamate and l-lysine alone was about more than five 
million tons (Wendisch 2014). Being more economically feasible, currently amino 
acids are being manufactured by microbial fermentation (Eggeling and Bott 2005). 
Corynebacterium glutamicum, a well-known member of actinobacteria, is the 
workhorse of fermentative amino acid production which has been used in food bio-
technology for more than 50 years (Eggeling and Bott 2005).

During the last three decades, a large number of modern era strain optimization 
strategies such as genetic and system metabolic engineering, synthetic biology, and 
classical genetic manipulations were performed on C. glutamicum to make it pro-
duce and meet the market demand for various amino acids such as l-valine and 
l-lysine (Blombach et al. 2008; Takeno et al. 2010). l-Glutamic acid is the first and 
most important amino acid being industrially produced by C. glutamicum.

Other important actinobacteria (although used to a lesser extent due to low yield) 
employed for glutamic acid production belong to genera Brevibacterium and 
Arthrobacter (Shiio et al. 1963; Veldkamp et al. 1963). In general, l-lysine, methio-
nine, l-threonine, l-tryptophan, l-valine, and isoleucine are industrially relevant 
amino acids being produced by Corynebacteria (Hermann 2003). As mentioned 
before, Brevibacteria are also implemented as actinobacterial candidates for indus-
trial amino acid production. For instance, Brevibacterium heali was used for methi-
onine production, and Brevibacterium flavum AJ12429 showed promises in 
l-arginine production (Ikeda 2003).

10.6  Actinobacteria and Blue Biotechnology

Blue or marine biotechnology which encompasses the application of biotech-
nological innovations based on the exploitation of aquatic resources benefits 
from the great diversity of these environments among which marine microor-
ganisms are of great importance for biotechnological productions and services. 
Ranging from the discovery of different metabolites to bioremediation, aquatic 
microorganisms such as marine actinobacteria are being widely studied during 
the last two decades.
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10.6.1  Aquaculture

With the rapidly growing global population, demand for food supplies including 
seafood supply for many countries is greatly increasing. Accordingly, aquaculture is 
of those food-producing sectors with a fast growing rate. However, disease out-
breaks are significant constraints in aquaculture. Although different antimicrobials 
are being used to overcome the problem, there is a growing concern about antibiotic 
resistance caused by the misuses of such compounds, and therefore, their use is 
limited. In this context, probiotic microorganisms are being emergently employed 
as biological control agents toward a more sustainable aquaculture.

More generally microorganisms can be beneficial in three ways for aquaculture: 
(1) improvement in the aquacultural environment quality, (2) as biocontrol agents, 
and (3) the use of their biomass as food source for the nutrition for the sea 
organisms.

Actinobacteria are undoubtedly excellent producers of antimicrobial secondary 
metabolites and enzymes that decompose organic macromolecules; they are also 
tolerant to salt and different pH values, making the good probiotic candidates. 
Although dominant probiotics being proposed as biological control agents in aqua-
culture are mostly the lactic acid bacteria (LAB) and the genera Bacillus, 
Pseudomonas, or Burkholderia (Kesarcodi-Watson et al. 2008), recently there are 
numerous studies on the potential of actinobacteria (mostly Streptomyces spp.) in 
improving the aquaculture quality as mentioned in Table 10.8.

Table 10.8 Actinobacterial members used in the improvement of aquaculture quality

Organism Effect Reference
Streptomyces panacagri Against vibriosis Bernal et al. (2015)
Streptomyces flocculus Against vibriosis
Streptomyces cinerogriseus A03, 
A05

Against vibriosis You et al. (2005)

Bifidobacterium sp. Promotes metamorphosis and 
increases the survival rate from 
nauplius to commercial juvenile 
shrimp by 55–60%

Zhou et al. (2009)

Micrococcus luteus Against furunculosis Irianto and Austin 
(2002)

Streptomyces griseorubroviolaceus 
A26, A42

Against vibriosis You et al. (2005)

Streptomyces sp. AJ8 Against vibriosis Jenifer et al. (2015)
Streptomyces sp. Used as single cell protein Dharmaraj and 

Dhevendaran (2010)
Streptomyces fradiae Enhanced water quality by 

reducing ammonia level
Aftabuddin et al. 
(2013)

Streptomyces sp. JD9 Good colonization in the host 
intestine due to low pH 
resistance

Latha et al. (2016)

Streptomyces rubrolavendulae 
M56

Against vibriosis Augustine et al. 
(2016)
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Most of these actinobacteria possess the additional properties of being nontoxic, 
showing broad-spectrum antimicrobial activity against pathogens as well as having high 
survival rate in the animal gut and synergistic effect when used in a probiotic mixture, and 
thus are great candidates to be introduced as probiotics used in food industries such as 
aquaculture subsector. However, the most important limiting factor of using Streptomyces 
spp. in aquaculture is that they are the producers of geosmin and 2-methylisoborneol 
(MIB) which are off-flavors in aquatic products which lower the commercial value of the 
fish and should be overcome (Das et al. 2008; Rurangwa and Verdegem 2015).

10.6.2  Antifouling Compounds

Biofouling on marine infrastructure and aquaculture poses a serious problem to the 
extent that over US $6.5 billion is spent annually to prevent the problem in marine 
industry worldwide (Bhadury and Wright 2004). In order to circumvent the issue, 
antifouling agents have been added to marine environments such as metal biocides 
(i.e., tributyltin (TBT) and copper) and antifouling paints containing irgarol, diuron, 
and chlorothalonil are of importance. However, due to their high toxicity for nontar-
get organisms, the scientific community is in search for safer alternatives (Thomas 
et al. 2001). In this respect, marine natural products serve as a promising source for 
discovering antifouling compounds. Accordingly, there have been numerous anti-
fouling natural compounds isolated from marine organisms especially marine 
microorganisms for sustainable production (Xu et al. 2010). Generally, due to the 
hardships in cultivating marine bacteria and especially actinobacteria in comparison 
to the terrestrial species (Haglund et al. 2002), only a limited number of these organ-
isms have been screened for the discovery of antifouling agents. Among these stud-
ies, Streptomyces fungicidicus, a deep sea isolate actinobacterium, was reported to 
produce the antifoulant diketopiperazines (Fig. 10.22) which inhibited the barnacle 
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larval attachment effectively (Li et  al. 2006). Streptomyces cinnabarinus PK209 
also was verified as another actinobacterium to produce a diterpene antifoulant in 
co-culture with Alteromonas sp. KNS-16 as an inducer reported by Cho et al. from 
a screening of more than 180 marine actinomycetes (Cho and Kim 2012). S. prae-
cox 291-11 (Cho et al. 2012), S. fradiae (Prakash et al. 2015), S. filamentosus (Bavya 
et al. 2011), and S. albidoflavus strain UST040711-291 (Qian et al. 2012) are of the 
most important actinobacterial producers of effective antifouling agents which can 
be potentially used in antifouling coatings.

10.7  Actinobacteria and Gray Biotechnology

Gray biotechnology is in connection with the applications directly related to the 
environmental issues such as mainly contaminant removal and bioremediation. 
Accordingly, gray biotechnology effectively uses microorganisms and their biocata-
lysts to isolate and dispose of different substances such as heavy metals and hydro-
carbons, with the added possibility of subsequently making use of these substances 
or by-products from this activity. Due to the microbial potency, gray biotechnology 
is commonly known as a quest for sustainable solutions to various environmental 
issues.

10.7.1  Recycling of Organic Compounds

Collection, treatment, and disposal of solid wastes are one of the basic economic 
problems because of environmental burdens, human health concerns, and ecosys-
tem imbalance. The organic fraction of these wastes are believed to be a valuable 
resource, competent for being transformed into beneficial products especially via 
the enzymatic potential of microorganisms (Khalid et al. 2011).

Composting has become an increasingly important strategy for the treatment of 
largely accessible organic wastes which will result in not only acquiring the valuable 
compost product for raising crops but also the organic waste which will be disposed of 
safely. The process involves the interaction of different microorganisms within which 
actinobacterial species become dominant in its later stages. In general, actinobacterial 
members in compost include Amycolatopsis, Microbispora, Planomonospora, 
Micrococcus, Saccharopolyspora, Micromonospora, Thermomonospora, Thermobifida, 
Thermobispora, and Streptomyces (Shivlata and Satyanarayana 2015). The prevalence 
of these bacteria in compost is shown to suppress the growth of plant pathogens due to 
their ability in secreting antibiotics during the utilization of organic material in compost-
ing. This phenomenon is beneficial since the use of compost in order to enhance soil 
nutrients and also suppress the development of plant diseases becomes possible (Shivlata 
and Satyanarayana 2015).
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Actinobacteria (members of the genera Corynebacterium, Rhodococcus, and 
Streptomyces) play an important role in the biological degradation process of com-
posting especially for degradation of recalcitrant compounds such as lignocellulosic 
biomass (Lin and Ballim 2012). As mentioned before, actinobacteria can play vital 
roles in decomposition of organic material in the environment due to their versatile 
metabolic potentials. Isoptericola chiayiensis and Isoptericola rhizophila are 
reported to be able to hydrolyze organic matter into simpler forms which are further 
assimilated by plants (Kaur et al. 2014; Tseng et al. 2011). Many actinobacteria can 
perform the organic material recycling even in harsh environments. Chitin is pro-
duced by brine shrimp in bulk quantities in hypersaline soda lakes, and accordingly, 
the existence of haloalkaliphilic chitinolytic actinobacteria in hypersaline sediments 
and soda soils was reported. These actinobacteria including Isoptericola halotoler-
ans, Streptomyces sodiiphilus, Nocardiopsis sp., and Glycomyces harbinensis are 
verified to be able to completely degrade chitin faster than other bacteria in such 
ecological situations (Sorokin et al. 2012).

10.7.2  Bioremediation of Toxic Agents

Other than having great metabolic versatility and being abundant in soil, many acti-
nobacterial species are well adapted to harsh environments which make them prom-
ising candidates for bioremediation of toxic agents such as heavy metals, pesticides, 
and hydrocarbons.

10.7.2.1  Bioremediation of Heavy Metals
All metals display toxic effects when in high concentrations regardless to their 
essentiality or nonessentiality for the organism. Moreover, long-term persistence 
and accumulation of metals, especially heavy metals, in environments can aggra-
vate this problem. For instance, Pb, one of the most persistent metals, has a soil 
retention time of 150–5000 years (Mani and Kumar 2014). There are different strat-
egies for the remediation of heavy metals such as land filling and leaching, excava-
tion and burial, or soil washing; however, they are mostly expensive and cause 
secondary issues. Bioremediation which implements the potential of biologic sys-
tems such as microorganisms is shown to be less costly, possesses more permanent 
effects, and is a noninvasive strategy since it does not change the environment pro-
files and leaves it intact (Mani and Kumar 2014).

Generally, being regarded to as the most toxic inorganic pollutants of soil, heavy 
metals are the most important group of bioremediation targets. Since many actino-
bacterial members possess mechanisms of resistance to heavy metals (Amoroso 
et al. 1998; Hamedi et al. 2015a; Schmidt et al. 2005), many of them have been 
investigated for their potential in bioremediating heavy metals such as copper, 
nickel, chromium, etc. (Table 10.9).

10 The Role of Actinobacteria in Biotechnology



310

10.7.2.2  Bioremediation of Pesticides
Carbendazim, a broad-spectrum benzimidazole fungicide being widely used in agri-
culture, is a toxic pesticide to human and other animals. Rhodococcus jialingiae djl-6-2 
and the consortium containing Brevibacillus borstelensis and Streptomyces albogrise-
olus can efficiently biodegrade carbendazim and hence are candidates for the removal 
of the carbendazim-polluted soil (Arya and Sharma 2016; Arya et al. 2015).

As another example, Amycolatopsis M3-1 has been noted for its capacity to 
degrade the novel broad-spectrum herbicide ZJ0273 and its intermediates while 
using it as its sole carbon source (Cai et al. 2012).

Methoxychlor (MTX) is another toxic organochlorine pesticide having esterogenic 
activity. Although it has been banned in most countries, MTX is still being used in some 
agricultural products. A defined mixed culture of Streptomyces spp. was reported by 
Fuentes et al. which is capable for MTX removal by 56.4% in soil (Fuentes et al. 2014).

Generally, different genera of actinobacteria including Arthrobacter, Clavibacter, 
Corynebacterium, Mycobacterium, Nocardia, Rhodococcus, Micromonospora, 
Nocardioides, and Streptomyces are reported as pesticide-degrading actinobacteria 
which can degrade pentachlorophenol (PCP), organochlorines, organophosphates, 
sulfonylureas, and many other pesticides efficiently (Schrijver and Mot 1999).

10.7.2.3  Bioremediation of Polycyclic Aromatic Hydrocarbons (PAHs)
PAHs are believed to be the most important pollutants due to their severe carcinoge-
nicity, mutagenicity, and toxicity. Although various microbial species are capable of 
degrading PAHs in soil, actinobacteria are good candidates since they can consume 
a wide range of carbon sources including aromatic lignin molecules (Chaudhary 
et  al. 2011). Streptomyces rochei, a biosurfactant-producing actinobacterium, has 
been reported to efficiently degrade 3–4-ring PAHs such as anthracene, fluorene, 
phenanthrene, and pyrene soil (Chaudhary et al. 2011). Other PAH-degrading actino-
bacteria includes Mycobacterium sp. strain PYR-1, Mycobacterium sp. strain RJGII-
135, Rhodococcus sp. strain UW1, and Gordonia sp. strain BP9 capable of degrading 
fluoranthene, pyrene, chrysene, and both fluoranthene and pyrene, respectively 
(Kästner et al. 1994; Kelley et al. 1993; Schneider et al. 1996; Walter et al. 1991).

Table 10.9 Bioremediation potential of actinobacteria

Bioremediating actinobacteria Target heavy metal Reference
Streptomyces sp. F4 Cd (II) in liquid medium 

and soil microcosms
Manuel et al. (2013)

Microbacterium liquefaciens Cr (VI) Pattanapipitpaisal et al. 
(2001)

Streptomyces griseus Cr (VI) Laxman and More (2002)
Arthrobacter aurescens Cr (VI) Rene’N et al. (2006)
Streptomyces sp. MC1 Cr (VI) Polti et al. (2009)
Amycolatopsis tucumanensis DSM 
45259

Bioimmobilization of 
Cu (II)

Albarracín et al. (2010)

Streptomyces sp. Biosorption of Cd (II) Siñeriz et al. (2009)
Flexivirga alba ST13 Cr (VI) Sugiyama et al. (2012)
Streptomyces sp. BN3 Pb El Baz et al. (2015)
Promicromonospora sp. UTMC 2243 Cd (II) Hamedi et al. (2015a, b)
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10.7.3  Protection from Corrosion

Corrosion, being defined as the deterioration of metals by interacting with its envi-
ronment (oxygen, water, and microorganisms), causes huge economic loss. 
According to the World Corrosion Organization (WCO), the annual cost of corro-
sion worldwide is estimated to US $2.2 trillion which is about more than 3% of the 
world’s GDP and thus is a grave issue to be addressed. There are different corrosion 
control strategies being employed within which microorganisms also show poten-
tials as they are able to change the electrochemical conditions at the metal-solution 
interface. The exerted changes can result in the induction or inhibition of the corro-
sion procedure (Lin and Ballim 2012).

Ponmariappan et al. have reported that an actinobacterium isolate is effective in 
controlling corrosion by decreasing the dissolved oxygen content (Ponmariappan 
et al. 2004). In another study, a significant reduction in the corrosion rate of steel was 
observed when the steel had been incubated in cultures of Rhodococcus sp. CI25 and 
Streptomyces pilosus DSM 40714 before exposed to the corrosive media which has 
further elucidated to be due to the formation of crystalline vivianite layer over the 
steel by Rhodococcus sp. CI25 (Volkland et al. 2000). Streptomyces lunalinharesii 
strain 235 is another actinobacterium whose effect in inhibition of Bacillus subtilis-
related biocorrosion has been recently documented. The inhibitory effect was due to 
antimicrobial substance produced by the actinobacterium which makes this study the 
first report on the production of antimicrobial substances by actinomycetes against 
bacteria involved in biocorrosion (Pacheco da Rosa et al. 2013).

10.8  Actinobacteria and Gold Biotechnology

The ever-progressing biotechnology is being equipped with novel tools and tech-
niques which accelerate the pace of its progression. These strategies are being 
assumed as a branch called gold biotechnology which mainly concerns with the inte-
gration of nanotechnology to biotechnology as well as the implementations of bioin-
formatics and in silico approaches to biotechnology. Since microbiology is being 
increasingly replete with huge amount of biological data available from accessible 
databases, the development of computational tools to extract knowledge from such 
data is greatly important, and the implementation of such tools in microbial biotech-
nology is inevitable. Therefore, these issues are being studied in a separate branch of 
gold biotechnology and are hereby reviewed in case of actinobacteria.

10.8.1  Bioinformatics

As fully discussed in previous sections, actinobacteria have been proved to be the 
important microbial sources for numerous natural products for over 70 years, and 
their metabolites have been used widely in medicine, agriculture, and industry 
(Weber et al. 2015). Although actinobacterial genome and metabolism are evolved 
to produce a diverse array of molecules, like other microorganisms that produce a 
desirable product, beneficial metabolites of wild strains have low yields and 
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productivities. Therefore, in order to reach an industrially relevant process, improve-
ment of the microbial performance is of great importance to reach industrial strains. 
To do this, random mutagenesis or protoplast fusion and traditional bioprocess 
development methods have been classically used; however, none of these strategies 
provide exact understanding of systematic genetic perturbations and lead to 
improved strains (Otero and Nielsen 2010).

Today, with the development of affordable omics tools especially whole-genome 
sequencing, biology encounters a huge amount of data demanding careful analysis 
which is beyond the manual analysis, and therefore the field enters a new phase in 
the discovery, identification, and improvement in the yields of such molecules. 
Accordingly, through computational algorithms and in silico strategies, researchers 
are able to obtain a quantitative phenotypic description of their biological problem 
by constructing predictive mathematical models from the omics data available for 
the producer strain (Kohlstedt et al. 2010). These methods mainly regarded to as 
metabolic engineering are concerned with modeling the organisms’ metabolic net-
work and perform network analysis concepts to find hotspots for manipulation 
either via molecular genetics or other techniques to finally improve the production 
of metabolites or ameliorating the organisms’ properties.

In case of actinobacteria, there are more than 1000 genome sequences as well as 
a plethora of other omics data available on biological databases for these organisms. 
When analyzing these so-called big data, these data not only indicate that actinobac-
teria have the capability to produce many more bioactive secondary metabolites 
than had been previously elucidated (Doroghazi et  al. 2014) but also provide 
researchers with a systems view based on which they can rationally engineer the 
strain to improve the yield of a specific metabolite or enhance a biotechnological 
trait (being regarded to as systems metabolic engineering). For instance, genome 
guided overexpression of actinorhodin by S. coelicolor has been reported which led 
to a 20-fold increase in actinorhodin production (Murakami et al. 2011). Furthermore, 
comparative transcriptomics and proteomics studies have been employed to identify 
alterations in gene expression associated with overproduction of secondary metabo-
lites in industrial Streptomyces strains (Chaudhary et al. 2013; Kim et al. 2007; Lee 
et al. 2009).

10.8.2  Production of Nanoparticles (NPs)

NPs are defined as particles with a diameter smaller than 100 nm in at least one 
dimension. In this size, materials display significantly different chemical and 
physical properties as well as emergent size-dependent properties, many of which 
cause specific applications for these materials. Intense scientific research is cur-
rently overcome the study of nanoparticles due to their discovered potentials in 
biomedical, optical, environmental health, space industries, chemical industries, 
and electrical fields (Iravani et  al. 2014). There are different chemical-based 
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methods for the production of nanoparticles; however, the methods are often not 
eco-friendly due to the need of toxic chemicals for the production process (Iravani 
et al. 2014). Therefore, manufacturing of nanoparticles is currently being prefer-
entially performed via exploring different bio-based syntheses mainly through 
microorganisms.

Actinobacteria can tolerate high concentrations of metal, and also the production 
of nanoparticles by actinobacteria has proved to show polydispersity property which 
prevents self-aggregation of nanoparticles (Shivlata and Satyanarayana 2015). The 
extracellular and intracellular productions of gold nanoparticles by Thermomonospora 
sp. and Rhodococcus sp., respectively, are the examples of actinobacterial produc-
tion of nanoparticles (Ahmad et al. 2003a, b). The metal-resistant actinobacterium 
Arthrobacter nitroguajacolicus isolated from Andaliyan gold mine in northwest of 
Iran is also reported to be capable of producing gold nanoparticles of 40 nm size 
(Dehnad et al. 2015).

More recently, silver nanoparticles were reported to be produced by Streptomyces 
naganishii (MA7) which showed to cause antibacterial activity of the strain 
(Samundeeswari et al. 2012). Other examples of actinobacteria producing extracel-
lular silver nanoparticles include Streptomyces glaucus (Tsibakhashvili et al. 2011), 
Streptomyces hygroscopicus (Sadhasivam et  al. 2010), marine actinobacterium 
Streptomyces albidoflavus (Prakasham et al. 2012), and Nocardiopsis sp. MBRC-1 
(Manivasagan et  al. 2013). Table 10.10 shows other actinobacterial producers of 
nanoparticles to better illustrate their potential in the field.

Generally, actinobacterial production of nanoparticles seems to be increased dur-
ing the past years, and promising findings were obtained. However, optimizations 
regarding to the rate of production and reduction of production time must be exerted 
in order to make the process feasible.

Table 10.10 Nanoparticles producing actinobacteria

Producer actinobacteria
Nanoparticle 
type/size (nm) Activity Reference

Streptomyces viridogens Gold/18–20 Antibacterial Balagurunathan et al. 
(2011)

Streptomyces naganishii Silver/5–10 Anti-biofouling; 
anticancer; 
antioxidant

Shanmugasundaram et al. 
(2013)

Thermomonospora sp. Gold/30–60 Biosensor Torres-Chavolla et al. 
(2010)

Streptomyces sp. LK3 Silver/5 Antiparasitic Karthik et al. (2014)
Streptomyces sp. Gold/5–50 Antimalarial Karthik et al. (2013)
Nocardia farcinica Gold/15–20 Not determined Oza et al. (2012)
Streptomyces sp. 
VITDDK3

Gold/90 Antifungal Gopal et al. (2013)

Gordonia amarae Gold/15–40 Biosensor Bennur et al. (2016)
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11Practical Aspects of Working 
with Actinobacteria

Joachim Wink, Fatemeh Mohammadipanah, 
and Hamed Kazemi Shariat Panahi

11.1  Morphological Investigation

11.1.1  Macroscopic

11.1.1.1  The Aerial Mycelium and Its Color
More than other bacteria Actinobacteria, especially the mycelium forming ones 
impress by their appearance, the color of the aerial mycelium, of the substrate 
mycelium and also of pigments that diffuse into the agar (Cross 1989; Krasil’nikov 
1979; Küster 1976) and the morphology of their differentiation stages (Gottlieb 
1961) which will be described in the later chapters. The aerial mycelium which 
makes them look like a fungus and the often three dimensional shape of the colony. 
The color of the aerial mycelium has been used by many groups for a first classifica-
tion (Flaig and Kutzner 1960; Ettlinger et  al. 1958; Shirling and Gottlieb 1966; 
Tresner and Backus 1963). The main classification groups are: white, grey white, 
cream (Streptomyces albus); yellow-grey (Streptomyces griseus); rose, pale violet 
(Streptomyces fradiae, Microbispora rosea), rose-grey (Streptomyces lavendulae); 
pale brown, red brown (Streptomyces fragilis); pale blue, grey-blue (Streptomyces 
viridochromogenes); blue green (Streptomyces glaucescens, Actinomadura rubrob-
runnea); pale green, green (Streptomyces prasinus, Microtetraspora viridis); pale 
grey, grey (Streptomyces violaceoruber, Microtetraspora glauca) (Blinov and 
Khokhlov 1970). By the description of the aerial mycelium color three points have 
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to be kept in mind. The first is that the typical color is only expressed if the culture 
is also sporulating. Different species often sporulate on different media, so a num-
ber of agar cultures have to be prepared to get good results. The second is the diffu-
sion of pigments from the substrate mycelium into the aerial mycelium which can 
have influences on the shade of the aerial mycelium. The third is the experience with 
many different Actinobacteria and their pigmentation, to do this grouping well. It is 
therefore very important to use the same media and culture conditions for all strains 
that will be compared. Over the years the use of the media from Shirling and 
Gottlieb (1966) from the “International Streptomyces Project/ISP” has been estab-
lished in nearly all labs working with Actinobacteria (composition of media, see 
Sect. 11.2.1).

11.1.1.2  Color of the Substrate Mycelium and the Soluble Pigments
The colonies of Actinobacteria often impress by their variety of colors, especially 
within the substrate mycelium (see Fig. 11.1). For this pigmentation often mixtures 
of pigments are responsible. The most common pigments are: Carotenoids 
(Actinoplanes, Micromonospora), prodiogiosins (Actinomadura, Streptomyces), 
naphtochinones (Streptomyces, e.g. protoactinorhodin), anthracycline-glycosides 
(Streptomyces, e.g. β-rhodomycin), phenozacinones (Streptomyces, e.g. actinomy-
cine), diaza diphenochinone (Arthrobacter, Corynebacterium, e.g. nicotinblue), and 
diaza-indophenole (Arthrobacter, Streptomyces, e.g. indochrom). As the pigmenta-
tion of the substrate mycelium is one of the simple to detect characters it is often 
used even this character is influenced by much more factors than the color of the 
aerial mycelium, many of the pigments are secondary metabolites and their produc-
tion varies also within one species. Pigment production is also depending on culture 
conditions and light. It is not possible to identify the responsible pigments exclu-
sively on the basis of their color. For using pigments as a taxonomic marker the 
chemical structure has to be identified. Account must be taken that chemically dif-
ferent pigments can express the same color that a pigment can change its color bas-
ing on the pH, and that the color can be caused by a mixture of different pigments 
(Fig. 11.1).

In Table  11.1 an overview on the pigment characterization in Actinobacteria, 
mainly Streptomyces (basing on Kutzner et al. 1986) is given.

Exopigments influence the perception of endopigments. Therefore it is important 
to consider both. PH-sensitive pigments can be made visible by the addition of some 
droplets of 0.05 N NaOH or 0.05 N HCl to the agar plates (Shirling and Gottlieb 
1966).

11.1.2  Microscopic Analyses

Within the class Actinobacteria typical bacterial cell forms like coccoid or rod 
shaped single cells, as described for Micrococcus or Arthrobacter, can be found. 
However, many species also grow in branched mycelia. Most of these mycelia 
forming genera can be differentiated on basis of their morphology, as described 
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for fungi. Not only well-developed substrate mycelium but also aerial mycelium 
with differentiation in spore chains, sporangia, or single spores occurs. These 
morphological features are used for taxonomic classification for a long time and 
are still characteristic for many species (Miyadoh and Gakkai 1997). Some genera 
had been named because of their morphological features as in the case of the 
monosporic Micromonospora (Cross 1981) or because of the spore pairs pro-
duced by Microbispora and Planobispora. Nowadays it is known from other gen-
era that a morphological marker is not necessarily present in all species. For 
example, not all species of the genus Microtetraspora have 4 spores in one chain 
and the pseudosporangia, which has been described formerly as a characteristic of 
the genus Kibdelosporangium, can also be found in Amycolatopsis (Wink et al. 
2004) (see Fig. 11.2).

a b

c d

Fig. 11.1 Color of aerial and substrate mycelium as well as soluble pigment formation in some 
Streptomyces species. The strains are cultured on GYM medium (upper left), ISP 2 (upper right), 
and ISP 3 (lower) for 14 days at 28°C. (a) Streptomyces bellus, (b) S. californicus, (c) S. auran-
tiogriseus, (d) S. pharetrae
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Table 11.1 Endo- and exopigment characterization in Actinobacteria

Color Representatives
Orange–dark red (mainly 
endopigment)

Micromonospora coerulea, Streptomyces 
cinnabarinus, S. griseoruber

Red–blue-violet (mainly 
endopigment)

Streptomyces californicus, S. cinereoruber, S. 
purpurascens

Red violet–blue (endo – and/or 
exopigment)

Streptomyces coelicolor, S. cyaneus, S. lateritius, S. 
violaceoruber

Yellow orange–yellow green (endo- 
and exopigment)

Streptomyces atroolivaceus, S. canaries, S. galbus, S. 
tendae

Grey blue (mainly endopigment) Actinomadura rubrobrunnea, Microtetraspora glauca
Green–green olive (endo- and 
exopigment)

Streptomyces nigrifaciens, S. viridochromogenes

Green (endo- and exopigment) Streptomyces geysiriensis, Nonomuraea salmonea
Red brown–dark brown (endo- and 
exopigment)

Streptomyces badius, S. phaeochromogenes, S. 
eurythermus

Grey brown–black (endo- and/or 
exopigment)

Streptomyces alboniger, S. hygroscopicus, S. 
violaceoniger

Microtetraspora Kibdelosporangium

Micromonospora Microbispora

Fig. 11.2 Typical morphology of members of the genera Microtetraspora (M. niveoalba × 7500) 
having short spore chains, but not limited to four spores, Kibdelosporangium (K. aridum × 5000) 
forming pseudosporangium, Micromonospora (M. sp. × 7500) with single spores and Microbispora 
(M. rosea subsp. rosea × 10,000) with spore pairs in SEM
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11.1.2.1  Formation of Sporangia
A number of genera form sporangia within the aerial mycelium, like 
Streptosporangium and Spirillospora, or directly on the substrate mycelium like 
Actinoplanes and Pilimelia (Bland and Couch 1981). These sporangia harbor many 
single spores which are arranged in different forms of spore chains within the spo-
rangium envelop. In the genera Planomonospora and Planobispora small sporan-
gia, carrying one or two spores, can be found. These morphological features can be 
detected well under light microscope, but obviously more details become visible 
using a scanning electron microscope (SEM; Figs.  11.2, 11.3 and 11.4) (Vobis 
1985).

11.1.2.2  Formation of Spore Chains and the Spore Surface 
Ornamentation

The morphology of spore chains is an important taxonomic marker for identifica-
tion especially within the genus Streptomyces (Waksman 1961; Williams and 
Wellington 1981) (Table 11.2). In the ISP project for example, spore chain morphol-
ogy has been described for all species and also many other authors based their spe-
cies concept on this morphological character (see Table 11.3) (Hütter 1967; Shinobu 
1958; Pridham et al. 1958). Different morphological spore chain types are shown in 
Fig. 11.4. Most authors use the following characterization: Rectiflexibilis, retinacu-
liaperti, spirals, or verticillus. Rectiflexibilis or RF includes spore chains which are 
straight line (Rectus) or wavy (Flexibilis). Retinaculum-Apertum or RA are spore 
chains shaped like a hook or a loop. Also spirals with one to two windings with a 
loose diameter belong to this type. The verticillus type was the eponym for the sepa-
rate genus Streptoverticillium (Baldacci et al. 1966) for many years, until Witt and 
Stackebrandt (1990) proposed the transfer of the whole genus to Streptomyces, on 
the basis of high 16S rRNA sequence similarity. Within the verticillus type four 
subtypes can be differentiated: Monoverticillus (MV) with primary whorls, without 
spirals, monoverticillus-spira (MIV-S), also with primary whorls but with spirals, 
biverticillus (BIV), primary and secondary whorls without spirals, and biverticillus- 
spira (BIV-S), also primary and secondary whorls but with spirals.

Beside the morphology of the spore chain the ornamentation of the spore surface 
is often used as characteristic, especially within the genus Streptomyces (see also 
Table 11.2) (Dorokhova et al. 1969; Henssen 1970; Locci 1971; Tresner et al. 1961; 
Wildermuth 1972; Williams et al. 1972). The observation of the ornamentation is 
carried out with scanning electron microscopy. Beside the classical types smooth, 
hairy, spiny, and warty examples for additional characters, knobby and rugose, are 
shown in Fig. 11.5.

11.1.2.3  Light Microscopic Characterization
For light microscopic studies of Actinobacteria objectives with a long distance 
between objective and object can be used. Overgrown agar plates can directly be 
used as preparations. Therefore strains were cultivated on agar media as described 
for morphological characterization within this chapter. For light microscopy mainly 
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a

b

Fig. 11.3 Sporangia formation in Actinobacteria. (a) Typical sporangia of Pilimelia, Actinoplanes 
and Streptosporangium in SEM and schematic drawing (so—spores, sg— mature sporangium, 
sp.—sporangiophore). (b) Sporangia of Planomonospora parontospora (sd—hyphal sheath, sp.—
sporangiophore, pr—apical primordium, sg—sporangium, sp.—spore, sl—sporangial envelope, 
da—diaphragm) and of Planobispora rosea (drawing and SEM picture are in parallel). (All pic-
tures are taken from Wink Compendium of Actinobacteria or modified from Miyadoh and Gakkei 
1997)
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a

b

Fig. 11.4 Spore chain morphology in Streptomyces in SEM and schematically (basing on Wink 
Compendium and Hütter 1967). (a) Rectus flexibilis, Retinaculum apertum and Spira type A;  
(b) Spira type B and Verticillus
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media with low turbidity were used. If normal light microscopic objectives are used, 
a number of methods using h cover plates can be applied (see Fig. 11.6).

 1. The double layer method: Here in the petri dish a sterile cover plate is placed on 
a layer of water agar (1% agar in distilled water) and then covered again with a 
thin layer of the cultivation medium. The inoculum of the targeted strain is 
scratched into the agar so that it can grow up to the cover plate.

 2. Agar block method: Here a small agar plug is cut out of the growth medium and 
is placed on top of it. The surface of the block is inoculated with a spore suspen-
sion of the actinobacterial strain and then covered with a sterile cover plate.

Table 11.2 Morphological characters within members of the genus Streptomyces (Williams et al. 
1989)

Characters Character state
1. Spore chain morphology Rectiflexibilis, retinaculiaperti or spirals
2. Spore surface 
ornamentation

Smooth, warty, hairy or rugose

3. Other morphological 
features

Fragmentation of substrate mycelium, sclerotia formation, 
sporulation in substrate mycelium

4. Color of spore mass Blue, grey, green, red violet, white or yellow
5. Pigmentation of 
substrate

Yellow-brown (no distinctive pigment), blue, mycelium (colony 
reverse) green, red-orange or violet, pH sensitivity

6. Diffusible pigments Yellow-brown, blue, green, red-orange or violet, pH sensitivity of 
pigments

7. Melanin pigment 
production

On peptone-yeast extract-iron and tyrosine agar

Table 11.3 Use in 
morphological characters for 
species determination within 
the genus Streptomyces in 
history

Investigator Criterion or criteria used
Krainsky (1914) Size of single-spore colonies
Waksman and Curtis (1916) Proteolysis and formation of 

soluble pigment
Drechsler (1919) Morphology of sporophores
Waksman (1919) Formation of soluble pigment
Jensen (1930) Formation of soluble pigment
Duché (1934) Cultural characteristics
Krasilnikov (1941, 1949) Morphology of sporophores
Baldacci et al. (1954) Color of vegetative mycelium
Hesseltine et al. (1954) Spore color and morphology 

of sporophores
Gauze et al. (1957) Color of aerial and vegetative 

mycelium
Shirling and Gottlieb 
(1966)

Criteria of the ISP project
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1

3

5

6

4

2

Fig. 11.5 Spore ornamentation within the genus Streptomyces taken with SEM and shown sche-
matically (based on Wink Compendium 2016 or modified after Miyadoh and Gakkei 1997). 1—
smooth, 2—spiny, 3—hairy, 4—warty, 5—rugose, 6—verrucose

A

B C D

Fig. 11.6 Preparation for light microscopy (details see text)
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 3. The furrow method: A small furrow is cut out of the agar and the walls are inocu-
lated with the spore suspension, afterwards the furrow is covered by a cover 
plate.

 4. The cover plate method: A sterile cover plate is placed slanted into the agar 
which is inoculated with the actinobacterial strain. This strain will then grow on 
the surface of the cover plate.

All these methods have in common that after incubation the cover slants will be 
collected and used for microscopy of the grown surface on top. The following char-
acteristics can be analyzed: Spore chains and their morphology (Rf, RA, S, V), 
sporangia or single spores, fragmentation of aerial or substrate.

11.1.2.4  Scanning Electron Microscopy
Preparations of the strains can, for example, be performed using a modified method 
of Vobis and Kothe (1985) described by Wink (2003). The strains have to be culti-
vated on ISP 2 or ISP 3 medium or any special agar required for growth and differ-
entiation at 28°C (or any other temperature required) over a period of 10 to 14 days. 
Out of these plates 1 cm2-pieces have to be cut and incubated in a solution of 4% 
glutaraldehyde in water for 24 h or longer. After washing with water (five times, 
10 minutes each), the samples have to dehydrate by incubation in 2-methylglycerol 
(three times, 10 minutes each). The methyl glycerol has to be replaced by dry ace-
tone (three times, 10 minutes each) and the samples have to be dried at the critical 
point using CO2. Then the samples have to be fixed on a brass cylinder and covered 
with gold using the sputtering system. This method can be used for all strains which 
form stable mycelium and are connected to the agar.

Strains which grow in single cells like coryneform bacteria have to be fixed on 
lysine coated glass plates. Therefore the glutaraldehyde-fixed samples have to be 
washed for 10 minutes in 30% ethanol, then for 10 minutes in 60% ethanol, and at 
least for 10 min in 90% ethanol. The suspension has to be decanted and the cells 
have to be transferred to the lysine plate and dried for a minute with air. Then the 
plate has to be washed two times for 10 minutes in pure ethanol. These samples 
have to also be dried by using the critical point drying method with CO2, fixed on 
brass cylinders and covered with gold.

11.1.3  Media Compositions for Growth Characterization

See Tables 11.4, 11.5, and 11.6

11.2  Physiological Investigation

11.2.1  Formation of a Melanoid Pigment

A lot of Streptomyces species, but also members of other genera of the Actinobacteria, 
form dark brown to black pigments on media containing tyrosine. The amino acid 
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tyrosine is a component of peptones added to the media, but it can also be found in 
complex media with meat extract. The enzyme tyrosinase is responsible for the first 
step in the melanin biosynthesis and is only produced by melanin positive strains. 
Four different media can be used for the melanin characterization of Actinobacteria 
(Nitsch and Kutzner 1968). The first two (ISP6 and ISP7) were described by Shirling 
and Gottlieb (1966) for the ISP project and the third and fourth are mentioned in 
Kutzners (1981)’s manual of Actinomycetes. ISP6 is a peptone iron agar with yeast 
extract as a complex C-source, while ISP7 is a synthetic medium containing tyro-
sine. The last two media variations are based on a synthetically medium from Suter 
(1978), used with and without tyrosine. The pigment production of test strains is 
controlled after 5, 10, and 14 days and recorded by using “+” for a visible colony 
formation or “–“for none. In some cases an additional “(+)” is used if a brown 
exopigment is visible which might be correlated with melanin (Fig. 11.7). With this 
evaluation each strain can be assigned into one of four clusters, which are displayed 
in Tables 11.4, 11.5, and 11.6:

11.2.2  The Utilization of Carbon Sources

The ability to utilize different carbon sources plays an important role in bacterial 
species differentiation and therefore in characterizing Actinobacteria as well 
(Bennedict et  al. 1955; Zähner and Ettlinger 1957; Pridham and Gottlieb 1948; 
Nitsch and Kutzner 1973).

During testing ten different compounds are tested, based on the method of 
Shirling and Gottlieb (1966) under the use of the basal agar (Table 11.7):

10% stock solutions of the mentioned carbon sources have to be prepared (using 
demineralized water), sterilized by filtration and added to the basal medium after 
cooling it down to 60°C (after autoclaving). The final concentration has to be 
adjusted to 1%. During further testing, a plate containing only pure basal medium 

ISP4 ISP5 ISP5ISP4Suter − Suter −

ISP6 ISP7 ISP7ISP6Suter + Suter +

Fig. 11.7 Two examples of production of melanoid pigment in Streptomyces (S. hawaiensis— left 
and S. aurantiogriseus—right) Wink Compendium (2016)
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Table 11.4 The ISP media (Shirling and Gottlieb 1966) and Gym medium (modified ISP 2)

ISP2/ Yeast malt agar ISP3/ Oat meal agar

Malt extract 10.0 g/l Oatmeal (Quaker white oats) 20.0 g/l
Yeast extract 4.0 g/l Agar 18.0 g/l
Glucose 4.0 g/l Deionized water 1000 ml
Agar 15.0 g/l Trace salt solution 1 ml
Deionized water 1000 ml
pH before sterilization 7.0 pH before sterilization 7.2

1. Filter through cheese cloth after 
sterilization
2. Add trace salt solution

ISP 4 ISP5

Soluble starch 10.0 g/l l-asparagine 1.0 g/l
(NH4)2SO4 2.0 g/l Glycerol 10.0 g/l
K2HPO4 1.0 g/l K2HPO4 1 g/l
MgSO4x7H2O 1.0 g/l Trace salt solution 1 ml/l
NaCl 1.0 g/l Agar 20 g/l
CaCO3 2.0 g/l Deionized water 1000 ml
Agar 20.0 g/l pH before sterilization 7.2
Deionized water 1000 ml
pH before sterilization 7.3

Trace salt solution ISP3 Trace salt solution ISP5

FeSO4 × 7H2O 0.1 g 1.0 g FeSO4 × 7H2O 1.0 g
MnCl2 × 4H2O 0.1 g 0.1 g 1.0 g MnCl2 × 4H2O 1.0 g
ZnSO4 × 7H2O 0.1 g 0.1 g 1.0 g ZNSO4 × 7H2O 1.0 g
Deionized water 100 ml Deionized water 100 ml 100 ml

ISP 6/Peptone iron agara ISP7/Oat meal agara

Peptone 15.0 g/l Glycerol 15 g/l
Proteose peptone 5.0 g/l l-tyrosine 0.5 g/l
Ferric ammonium citrate 0.5 g/l l-asparagine 1.0 g/l
Sodium glycerophosphate 1.0 g/l K2HPO4 0.5 g/l
Sodium thiosulfate-5-hydrate 0.126 g/l NaCl 0.5 g/l
Yeast extract 1.0 g/l FeSO4 × 7H2O 0.01 g/l
Agar 20 g/l Trace salt solution (5343) 1.0 ml/l
Deionized water 1000 ml Agar 20.0 g/l
pH before sterilization 7.2 Deionized water 1000 ml

pH before sterilization 7.3

GYM-Medium

Glucose 4.0 g/l
Yeast extract 4.0 g/l
Malt extract 10.0 g/l
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Table 11.4 (continued)

GYM-Medium

CaCO3 2.0 g/l
Agar 12 g/l
Deionized water 1000 ml
pH before sterilization 7.2
Using KOH to adjust 
pH

aMelanoid pigment

Table 11.5 Classification of actinomycetes into four different clusters based on colony formation 
and melanin production on ISP6, ISP7, and Suter media

ISP6 ISP7
Suter

ClusterWith Tyrosine Without Tyrosine
+ + + − 3

+ + − − 2

− − + − 1

− − − − 0

Table 11.6 Composition of the Suter medium (Suter 1978)

Synthetically Suter medium—production of melanoid pigment

Glycerol 15.0 g/l
Tyrosine 1.0 g/l
l-arginine 5.0 g/l
l-glutamic acid 5.0 g/l
l-methionine 0.3 g/l
l-isoleucine 0.3 g/l
K2HPO4 0.5 g/l
MgSO4 × 7H2O 0.2 g/l
Trace element solution 2 (5341) 1.0 ml/l
Agar
pH before sterilization
-Control medium is prepared without 
tyrosine

Trace salt solution 5341

FeSO4 × 7H2O 10.0 g/l
MnSO4 × 7H2O 40.0 g/l
ZNSO4 × 7H2O 10.0 g/l
CuSo4 × 5H2O 10.0 g/l
CaCl2 × 2H2O 10.0 g/l
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and water should be used as negative control while one with glucose should serve as 
positive control (Fig. 11.8). The evaluation has to be carried out using the following 
scheme (Table 11.8):

11.2.3  Resistance to Sodium Chloride

The resistance to sodium chloride is a helpful tool in differentiating between all 
species of Actinobacteria, not only between those of the marine or halophilic habi-
tats. The resistance test is carried out by analyzing the growth on basal medium 

Table 11.7 Different carbon sources used for the characterization of Actinomycetes

Carbon source Abbreviation Carbon source Abbreviation
Arabinose Ara Mannitol Man
Cellulose Cel Raffinose Raf
Fructose Fra Rhamnose Rha
Glucose Glu Sucrose Suc
(Meso) inositol Ino Xylose Xyl

glucose arabinose sucrose xylose

inositol mannitol fructose

rafinose

A

1 2 3 4

B

C cellulose water

rhamnose

Fig. 11.8 The utilization of carbon resources in Streptomyces. Upper—Streptomyces albofaciens 
and S. albovinaceus. Lower—position of the different carbon sources in the 12 well plate (Wink 
Compendium 2016)

J. Wink et al.



343

with 0, 2.5, 5.0, 7.5, and 10.0% of sodium chloride. After five to ten days of incu-
bation the highest salt concentration at which growth is possible. In most cases 
there are no clear-cut borderlines between growth and no growth. Often there is 
good growth and formation of aerial mycelium without sodium chloride, while 
with increasing salt concentration the aerial mycelium is lost at the expense of a 
better substrate mycelium formation, until this mycelium formation comes to a 
stop as well (Table 11.9).

Table 11.8 Growth classification in carbon source testing and basal medium (Shirling and 
Gottlieb 1966)

Observed growth is: Symbol
Worse than negative control −
Better than in negative control but not as good as in 
positive control

(+)

Similar to positive control +
Better than positive control ++

Basal medium for carbohydrate utilization

(NH4)2SO4 2.64 g/l 1. Medium is solved in 900 ml deionized water and 
autoclaved

KH2PO4 2.38 g/l 2. Carbohydrates solutions with 10% of the 10 
carbohydrates (2.4) are prepared

K2HPO4 4.31 g/l 3. After autoclaving, 100 ml of one of the sterile 
filtrated carbohydrate solutions are added (2.4)

MgSO4 × 7H2O 1.0 g/l
Agar 15.0 g/l
Trace element solution 
three

1.0 ml/l

Deionized water 1000 ml
pH before sterilization 7.3

Trace element solution

CuSO4 × 5H2O 0.64 g/l
FeSO4 × 7H2O 0.11 g/l
ZnSO4 × 7H2O 0.15 g/l
MnCl2 × 4H2O 0.79 g/l
Deionized water 1000 ml

Table 11.9 Medium 
composition for sodium 
chloride tolerance test 
(Shirling and Gottlieb 1966)

Sodium chlorite tolerance

Casein peptone 10.0 g/l
Yeast extract 5.0 g/l
Agar 20 g/l
Deionized water 1000 ml
pH before sterilization 7.0
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11.2.4  Degradation of Chitin

Many Actinobacteria are able to grow on chitin as the only C- and N- source, while 
only a small number of other bacteria is able to do so (Jeunilaux 1955; Kuznetsov 
and Yangulova 1970; Reynolds 1954). Chitin positive organisms degrade the sub-
strate to water soluble fragments and form a clear halo around the colony on the 
turbid medium. The strains have to be cultivated on the medium which is described 
afterwards and the formation of clear zones in the surrounding of the colony has to 
be observed (Table 11.10).

11.2.5  Test on Temperature and pH Optimum

For the detection of the optimal growth temperature a number of plates containing 
a sufficient growth medium for the according strain have to be inoculated and incu-
bated at different temperatures (e.g., room temperature, 30, 37, and 44°C). Analogue 
characterization method can be used for the determination of pH optimum. In this 
case five plates of the optimal growth medium, adjusted to different pH-values (5, 
6, 7, 8 and 9), have to be prepared and inoculated at 30°C for 1 week.

11.3  Biochemical Tests

11.3.1  Physiological Fingerprints with API® Stripes

A part of the physiological classification is the detection of enzymes which are pro-
duced by the Actinobacteria. In order to detect even small enzymatic activities, 
BioMérieux is offering a number of stripe based identification tests of which two 
are used in routine description of the Actinobacteria. The general approach is to 
transfer a defined volume of well-grown liquid culture onto a stripe containing dif-
ferent wells with different substrates which, in case of an enzymatic conversion, 
show a visible color reaction after incubation.

Table 11.10 Medium 
composition for the 
evaluation of chitin 
degradation

Medium for chitin degradation

Chitin, powdered 4.0 g/l
K2HPO4 0.7 g/l
KH2PO4 0.3 g/l
MgSO4 × 7H2O 0.5 g/l
FeSO4 × 7H2O 0.01 g/l
ZnSO4 × 7H2O 0.001 g/l
MnCl2 × 4H2O 0.001 g/l
Agar 12.0 g/l
pH before sterilization 8.0
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The first system used is the “API Coryne,” a test kit especially for the 
Propionibacterineae, Micrococcineae, and Corynebacterineae (MacFaddin 1980). 
The included tests and reactions are listed in Table 11.11:

The other system in use is the API Zym test stripe, a simple rapid system for the 
detection of bacterial enzymes (Humble et al. 1977) which has been successfully 
used for identification of Actinomycetaceae and related bacteria in the past (Kilian 
1978) (Fig. 11.9). The following parameters are tested (Table 11.12).

For using the API tests, cultures have to be grown in shaking flasks for up to 
2 weeks, depending on the strain. In most cases the cultures have to be diluted with 
water before testing because the biomass or produced exopigments hold the poten-
tial to interfere with the color reactions in the test tube. If a strain grows in big 
agglomerates, it has to be homogenized with an ultra turrax. The following proce-
dure is due to the manufacturer’s manual:

Table 11.11 Enzymatic activities tested by the API Coryne system

Test Reaction Test Reaction
Nit Nitrate reduction Pyz Pyrazinamidase
PyrA Pyrrolidonyl arylamidase Pal Alkaline phosphatase
Gur Beta glucuronidase Gal Beta galactosidase
Glu Alpha glucosidase Nag N-acetyl-beta glucosamidase
Esc Esculin (beta glucosidase) Ure Urease
Gel Gelatine (hydrolysis)

Streptomyces staurosporinius

Streptomyces atacamiensis

Amycolatopsis dongchuanensis

Actinomadura geliboluensis

Fig. 11.9 Api Zym from different Actinobacteria (Wink Compendium 2016)
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Inoculation of the API test stripes

 1. Preparing an incubation box by adding 5  ml of demineralized water into the 
honey-combed wells in order to create a humid atmosphere

 2. Record the sample reference on the elongated flap of the tray
 3. Remove an API stripe from its individual packaging
 4. Place the strip in the incubation box
 5. Using a pipette in order to dispense 65 μl of specimen solution into each cupule
 6. Close the lid and incubate generally from 4 to 4.5 h at 37°C
 7. Do not expose the strip to bright light
 8. After incubation add one drop of ZYM A, and one drop of ZYM B reagent to 

each cupule

Let the color develop at least for five minutes.

11.4  Compendium of Actinobacteria

The Compendium of Actinobacteria is an electronic manual including the important 
bacterial groups of the actinomycetes compiled by PD Dr. Joachim Wink at the 
HZI-Helmholtz-Centre for Infection Research, Braunschweig (joachim.wink@
helmholtz-hzi.de).

Table 11.12 Enzymatic activities tested by the API Zym system

No. Enzyme Substrate
2 Phosphatase alcaline 2-naphthyl phosphate
3 Esterase (C 4) 2-naphthyl butyrate
4 Esterase lipase (C 8) 2-naphthyl caprylate
5 Lipase (C 14) 2-naphthyl myristate
6 Leucine arylamidase l-leucyl-2-naphthylamide
7 Valine arylamidase l-valyl-2-naphthylamide
8 Cystine arylamidase l-cystyl-2-naphthylamide
9 Trypsin N-benzoyl-dl-arginine-2-naphthylamide
10 Chymotrypsin N-glutaryl-phenylalanine-2-naphthylamide
11 Phosphatase acid 2-naphthyl phosphate
12 Naphthol-AS-BI-phosphohydrolase Naphthol-AS-BI-phosphate
13 Galactosidase 6-Br-2-naphthyl-d-galactopyranoside
14 Galactosidase 2-naphthyl-d-galactopyranoside
15 Glucuronidase Naphthol-AS-BI-d-glucuronide
16 Glucosidase 2-naphthyl-d-glucopyranoside
17 Glucosidase 6-Br-2-naphthyl-d-glucopyranoside
18 N-acetyl-glucoseamidase 1-naphthyl-N-acetyl-d-glucoseaminide
19 Mannosidase 6-Br-2-naphthyl-d-mannopyranoside
20 Fucosidase 2-naphthyl-l-fucopyranoside
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The species descriptions include the documentation of the colony growth in pic-
tures as well as the microstructure by scanning electron microscopy. About 230 
species belonging to more than 190 genera are described in the current version 
which will be emended every year.

The microorganisms have been cultivated and characterized in the laboratories of 
Sanofi-Aventis Germany and the Helmholtz-Centre for Infection Research during 
the last 20 years. The work is carried out in a strong collaboration with the DSMZ 
and its researchers. The methods for the taxonomic description of the Actinobacteria 
are documented in a separate PDF file on the homepage, also a PDF file with links 
to all single PDF files of the compendium—sorted by species name—and with links 
to the relevant DSM numbers can be downloaded (Fig. 11.10 and Table 11.13).

https://www.dsmz.de/bacterial-diversity/compendium-of-actinobacteria.html

11.5  Genomic Analysis

Genomes of Actinobacteria have a size ranging from 1.93 MB in Bifidobacterium 
animalis subsp. lactis to 10.15 Mb in Streptomyces scabies. Their genomes contain 
as low as 1605 protein-encoding genes in Mycobacterium leprae to as high as 8983 
of such genes in Streptomyces scabies. Up to 30 biosynthetic pathways of secondary 
metabolites has been identified through homology searching of genes encoding pro-
teins involved in secondary metabolism. Among all actinobacterial genera, 
Streptomyces and Kitasatospora from Streptomycetaceae, Salinispora and 
Micromonospora from Micromonosporaceae, and Saccharopolyspora from 
Pseudonocardiaceae regularly possess more than 20 gene clusters for secondary 
metabolite production and dedicate more than 5% of their entire coding ability for 
this function, which can even reach to 10%. Generally, actinobacterial members 
with >5 Mb genomes and secondary genes positioned distal to the origin of replica-
tion gene dnaA are known as natural product-rich strains, whereas those containing 
small genomes ranging from 2–4 Mb harbors very less number of pathways for 
secondary metabolite production (Nett et al. 2009).

11.5.1  Sequence Similarity Search

DNA sequencing is considered as a beneficial tool for understanding of the bio-
chemical nature or the biological function of the gene product. In a model organism 
(e.g., Streptomyces coelicolor), which sequences of various genes have been deter-
mined and extensive analysis has identified the functions of its genes, finding a gene 
with a sequence identical to that of model organism suggests a possibility that the 
new gene has the function similar to the model organism gene.

There are various methods for the alignment of a pair of sequences such as the dia-
gram method or dot matrix, developed by Gibbs and McIntyre (1970) for comparing 
two amino acid and nucleotide sequences, and further developed through applying 
various filtering and color display schemes by Maizel and Lenk (1981); dynamic 
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Fig. 11.10 Compendium of Actinobacteria, Excerpt of the dataset of Streptomyces cinnabaragri-
seus. (a) Secondary metabolites, (b) growth on different ISP media, (c) carbon utilization, (d) 
Scanning Electron Microscopy
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c

d

Fig 11.10 (continued)
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Table 11.13 Compendium of actinobacteria, excerpt of the dataset of Streptomyces 
cinnabaragriseus

Strain DSM 101724
Genus Streptomyces
Species cinnabargriseus
Status Spec. nov.
Risk group L1
References
Author Landwehr, W., Kämpfer, P., Schumann, 

P., Atasayar, E., Rohde, M., Mack, M., 
Martin, K., Stadler, M., Wink, J.

Title Studies on taxonomy of members of the 
Streptomyces cinnabarinus cluster 
description of Streptomyces 
cinnabaragriseus spec. nov. and 
validation of S. davawensis

Journal IJSEM
Year In preparation
Morphology
Agar ISP 2—growth/G Good
Agar ISP 2—colony color/R Honey yellow
Agar ISP 2—aerial mycelium/A Beige grey
Agar ISP 2—soluble pigment/S None
Agar ISP 3—G Good
Agar ISP 3—R Vermilion
Agar ISP 3—A Beige grey
Agar ISP 3—S None
Agar ISP 4—G Good
Agar ISP 4—R Red orange
Agar ISP 4—A Beige grey
Agar ISP 4—S None
Agar ISP 5—G Good
Agar ISP 5—R Black red
Agar ISP 5—A Beige grey
Agar ISP 5—S None
Agar ISP 6—G n.d.
Agar ISP 6—R n.d.
Agar ISP 6—A n.d.
Agar ISP 6—S n.d.
Agar ISP 7—G Good
Agar ISP 7—R Black red
Agar ISP 7—A Beige grey
Agar ISP 7—S Olive brown

Sporechains/sporangia Rf
Spore surface Smooth
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Table 11.13 (continued)

Strain DSM 101724
Physiology
Melanin -/+
Temperature Optimume 28
Use of 
carbohydrates

Glucose +

Use of 
carbohydrates

Arabinose +

Use of 
carbohydrates

Sucrose +

Use of 
carbohydrates

Xylose +

Use of 
carbohydrates

Inositol +

Use of 
carbohydrates

Mannose n.d.

Use of 
carbohydrates

Fructose +

Use of 
carbohydrates

Rhamnose +

Use of 
carbohydrates

Raffinose +

Use of 
carbohydrates

Cellulose −

Api zym Phosphatase alcaline +
Api zym Esterase (C4) +
Api zym Esterase lipase (C8) +
Api zym Lipase (C14) +
Api zym Leucin arylamidase +
Api zym Valine arylamidase +
Api zym Cystine arylamidase +
Api zym Trypsin V
Api zym Chymotrypsin −
Api zym Phosphatase acid +
Api zym Naphthol-AS-BI- 

phosphohydrolase
+

Api zym Alpha galactosidase +
Api zym Beta galactosidase +
Api zym Beta glucuronidase −
Api zym Alpha glucosidase +
Api zym Beta glucosidase +
Api zym N-acetyl-beta-glucoseamidase −
Api zym Alpha mannosidase +
Api zym Alpha fucosidase −
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programming, which can detect sequence similarity that is interrupted by not very well-
matched regions or that are present in one of the sequence only (e.g., deletions or inser-
tions) (Mount 2004). In addition, there are methods allowing for aligning more number 
of sequences at the same time, which provide a way for search for a pattern in DNA 
sequences that may define an evolutionary track, processing signal in an RNA molecule 
or the binding site for a regulatory protein in a promoter region (Mount 2004).

FASTA and BLAST are the most commonly used programs for such similarity 
search. The former program, developed by Pearson and Lipman (1988), performs a 
quick database scan for short stretches of similar sequences between any sequence 
in a database and a new sequence. After breaking down each sequence into short 
parts a few sequence characters long, they are organized into a table indicating their 
location in the sequence. The similarity of regions is determined when one or more 
parts are present in both sequences, and especially when several parts can be joined. 
The latter program, developed by Altschul (1990), is available at the National Center 
for Biotechnology Information at the National Library of Medicine in Washington, 
DC Web site (http://www.ncbi.nlm.gov/BLAST), is the most extensively used facil-
ity for sequence analysis in the world, and provides similarity searching to all avail-
able sequences. Similar to FASTA, BLAST organizes short sequences words in 
each sequence under a table; however, it also discovers which of these words are 
most significant in order of indication of similarity between two sequences, fol-
lowed by confining the scan to these words (Mount 2004).

11.5.2  Conventional Genome Sequencing

Assembling of sequences from fragments of DNA sequence (approximate length of 
500  bp) are obtained using DNA sequencing machines as described here. DNA 
sequencing is begun by the purification of DNA fragments that has been cut from 
phage/plasmid clones or amplified by polymerase chain reaction (PCR), then they 
are denatured to single strands, followed by the hybridization of one of the strands 
to an oligonucleotide primer, which is complementary to an already known region 
on the DNA. During an automated process, heat-resistant Taq polymerase from a 
pool of deoxyribonucleotide triphosphates (dNTPs) is used to synthesize new 
strands of DNA from the end of primer in a single tube. This Taq polymerase con-
tains a small amount of one of four fluorescent dichloro-rhodamine dye labeled 
chain-terminating nucleotides (ddNTPs). The polymerase keeps synthesizing the 
strands from the primer, until incorporation of ddNTP instead of dNTP, which ter-
minates the synthesis. As the result, a nested set of labeled molecules are synthe-
sized. The denaturing, reannealing, and synthesis processes may be recycled up to 
25 times, after the removal of excess labeled ddNTPs, products are loaded on one 
lane of a polyacrylamide gel, and then electophoresed. Fragments are separated 
based on their size, and the ladder of fragments is scanned by a laser within the 
sequencer for the presence of the four labeled ddNTPs, each emits light at a differ-
ent wavelength band that is detectable by a digital camera. Finally the sequence of 
changes are plotted and read by a base-calling algorithm ddNTP (Mount 2004).
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11.5.3  Submission of Sequences

It is recommended that all researchers submit their newly sequences directly to a valid 
database, for example, the DNA Databank of Japan (DDBJ; http://www.ddbj.nig.
ac.jp); National Center for Biotechnology Information (NCBI), managing GenBank 
(http://ncbi.nlm.nih.gov); Joint Genome Institute’s (JGI) Genome Portal (http://www.
genome.jgi.doe.gov) or the European Molecular Biology Laboratory (EMBL)/EBI 
Nucleotide Sequence Database (http://www.embl-heidelberg.de). All these databases 
exchange their information with each other every day. To publish a new sequence, 
scientists receive a database accession number after probable revision of submitted 
entries to NCBI. However, scientists are better to verify the accuracy of sequences 
especially detection of chimeric sequences prior to submission to any database.

11.5.4  Gene Identification, Prediction and Annotation

The significance for accurate bacterial gene identifications is ever-growing with 
increasing rate of genome sequencing projects (Delcher et al. 1999). Sequencing of 
each genome produces thousands new genes that are submitted to public databases, 
which develop a foundation for further biological investigation of microorganisms. 
Gene identification is required for a number of techniques such as microarray analy-
sis and knockout experiments (Delcher et al. 1999).

In prokaryotes, DNA sequences encoding proteins can be identified by search-
ing in open reading frames (ORFs). Every sequence may have up to six possible 
reading frames, three on each strand at positions 1, 2, and 3 and proceeding in the 
5′ to 3′ direction of a given sequence as well as the complementary sequence. The 
process of gene identification is facilitated in prokaryotes owing to the lack of 
introns, the transcription of protein encoding sequences of DNA into mRNA, and 
protein translation is directly done from not significantly modified mRNA. Moreover, 
genomes of bacteria are very gene-dense, and typically, protein-coding regions 
comprise more than 90% of the DNA sequence (Besemer and Borodovsky 1999; 
Borodovsky and McIninch 1993). In contrast with not protein-encoding ORFs, 
reading frames of a genomic sequence have long ORFs due to the lack of many 
in-frame stop codons (Mount 2004). To identify genes, newly obtained sequences 
are compared with well-annotated bacterial genome database by microbial gene-
finding systems software. Genes are considered known if there is clear homology 
by the measurement of amino-acid similarity. Some of commonly used computa-
tional gene-finding software has been briefly described hereafter.

11.5.4.1  Identification of Genes with GLIMMER
Gene Locator and Interpolated Markov ModelER (GLIMMER), developed in 1988 
(Salzberg et al. (1998) at The Institute for Genomic Research (TIGR) and improved 
by Delcher in 1999 (Delcher et al. 1999) and 2007 (Delcher et al. 1999, 2007), is a 
system opted for the identification of about 99% of all genes in microbial genomes 
when compared with published annotations (Delcher et al. 2007). This system can be 
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trained quickly using the desired genome sequence and utilizes interpolated Markov 
model (IMM), which is a generalization of Markov chain methods. GLIMMER can be 
applied for correct identification of genes within high GC-content genomes, such as 
actinobacterial genomes, which have numerous long ORFs interfering with predic-
tions of genes due to their incorrect boundaries overlap (Delcher et  al. 1999). 
GLIMMER version 3.02b is currently the latest version of the system, which is avail-
able at the website of Center for Computational Biology (CCB), Johns Hopkins 
University (http://www.ccb.jhu.edu/software.shtml). Running Glimmer is a two-step 
process: first, building a probability model of coding sequences, called an interpolated 
context model (ICM) is performed by the program build-icm from a set of training 
sequences obtained known genes in the genome, from long, non- overlapping ORFs in 
the genome, or from genes in a highly similar species/strains. Then, the glimmer3 
program is run to analyze the gene sequences and makes gene predictions. The new 
Glimmer, release 3.02b, predicts many start sites correctly, and has low false-positive 
rate, which results in higher accuracy in gene identification by the system.

11.5.4.2  Identification of Genes with GeneMarkS
In 2001, GeneMarkS was developed by Besemer et al. It is an improved version of 
the gene-finding program GeneMark.hmm, and has prediction precision range of 
83.2–94.4% on tested organisms (reference). The improved method is taking advan-
tage of combining models of protein-coding and non-coding regions and models of 
regulatory sites near gene start within an iterative Hidden Markov model based algo-
rithm (Besemer et al. 2001). The accurate translation start prediction and the refine-
ment of protein sequence N-terminal data in this method provide the advantage of 
precise positioning of the upstream sequence of a gene. Consequently, sequence 
motifs associated with transcription and translation regulatory sites can be revealed 
and analyzed with better precision (Besemer et al. 2001). Currently, the latest version 
of gene prediction program GeneMarkS is 4.28 and is accessible at http://www.exon.
gatech.edu/Genemark/genemarks.cgi with easy-working interface.

11.5.4.3  Identification of Genes with FrameD
FrameD was initially developed for prediction of genes in bacterial genomes with 
high GC-content. The overprediction of many overlapping genes in GC-rich genomes 
of Actinobacteria can be occurred as most coding regions inherently induce mirror 
open reading frame on the reverse strand. FrameD is based on a weighted directed 
acyclic graph (DAG) model, designed in such a manner that each path in the graph 
represents a possible gene prediction, consistent with START and STOP codons use, 
and uses extended interpolated Markov models for building probabilistic models of 
coding sequences (Schiex et al. 2003). FrameD is implemented in C++ and can be 
found at http://www.genopole.toulouse.inra.fr/bioinfo/FrameD/FD, which allows 
users to specify the sequence and parameters, and in turn, provides gene prediction, 
sequence correction and translation, and has the ability to learn new models for new 
strains (Schiex et al. 2003). Users are provided with an option on probabilistic model 
whether to be estimated on existing bacterial genomes or to develop a new gene 
model. Additionally, the GC-content class (low or medium/high) and frameshift pen-
alties, which reflects the sequence quality, must be determined. In a section, called 
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Protein similarities, users are provided with an optional choice to specify existing 
similarities between the protein sequence and the sequence, which is provided using 
“tabulated format” accessible in new versions of NCBI-BlastX program. Output 
parameters such as the layout of the prediction including image size, textual, graphical 
or both, and etc. can be controlled. FrameD performances have been compared to that 
of GeneMarkS and have a tendency to obtain higher sensitivity at the cost of a lower 
specificity for genomes having more than 50% GC (Schiex et al. 2003).

11.5.4.4  Identification of Genes with EasyGene
In 2003, Larsen and Krogh developed gene-finder software based on hidden Markov 
model (HMM) that is estimated for a new prokaryotic genome. Automatically, a high 
quality training set of genes is extracted for genome and utilized in the estimation of 
the HMM. Then, the HMM scores putative genes and the statistical significance is 
calculated based on score and length of an ORF. The measure of statistical signifi-
cance for one ORF is the expected value of ORFs in a megabase of random sequences 
at the identical significance level or better, where the random sequence contains the 
same statistics as the genome in the sense of third order Markov chain (Larsen and 
Krogh 2003). EasyGene provides comparable sensitivity to GeneMarkS and higher 
one than Frame. Although EasyGene and Frame are comparable in the respect of 
specificity, they have higher specificity than GeneMarkS. GeneMarkS has a log-odds 
score ability in the output to check the false high score for long ORFs which is caused 
due to rare occurrence of very long ORFs in random sequences, therefore genes of 
long sequence, for example 500 bp, have score below 0, then they are probably not 
real genes despite their length. This is an important discrimination as sometimes long 
non-coding ORFs occur in regions of repetitive DNA (Larsen and Krogh 2003). 
EasyGene is available at Central for Biological Sequence Analysis, Technical 
University of Denmark (DTU) website (http://www.cbs.dtu.dk/services/EasyGene/). 
To use this software, users are required to import single/several query sequences in 
FASTA format and customize their runs by deciding on model organism; R-value 
cutoff, indication of how likely it is to be just a non- coding ORF rather than a real 
gene; and suboptimal gene starts, which provides an alternative to default start codons.

11.5.5  Microarray Analysis

Microarray analysis reveals which genes are expressed at a specific stage of the cell 
cycle, or particular external stimuli, and therefore, provides a global picture of gene 
expression for the genome. It can serve as a platform for the annotation of DNA 
sequences, the comparison of different genomes, and the observation of gene expres-
sion (Lee and Lee 2000). This type of information provides clues that will assist in the 
gene identification by determination of the related biological functions of genes and/
or their contribution in biochemical pathways (Mount 2004). As the regulation of 
protein abundance in cells is done by regulation of mRNA, virtually all differences in 
cell state will be correlated to the alterations in the mRNA levels of many genes. 
Therefore, the only specific reagent required to calculate the abundance of mRNA for 
a given gene is a complementary DNA (cDNA) sequence (Schena et al. 1995), and 
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consequently, DNA microarray enables the exploration of thousands of genes simul-
taneously through hybridization of mRNA to a high- density array of immobilized 
probe sequences (Ball and Trevors 2002). A typical workflow for microarray analysis 
involves growing wild-type (wt) and mutant strains in defined conditions, the isola-
tion of RNA, the isolation of mRNA, the synthesis of targets which is fluorescent 
(carbocyanine-labeled nucleotides Cy3-dCTP and Cy5-dCTP, red and green, respec-
tively) or radioactive-labeled DNA derived from mRNA by RT-PCR, hybridization of 
targets to complementary probes of the array, scanning microarray, and analyzing 
intensified spots. Using this technique, the gene expression in microorganisms can be 
investigated under various growth conditions as well as environmental conditions 
(Ball and Trevors 2002). Additionally, genes involved in particular functions, for 
example, specific catabolic pathways, nitrogen fixation, antibiotic production, toxin 
production, or temperature resistance can be screened (Tanghe et al. 2000).

This approach has been successfully applied in global gene regulation in Streptomyces 
griseus by A-factor (2-isocapryloyl-3R-hydroxymethyl-γ-butyrolactone), a bacterial 
hormone that triggers morphological differentiation and secondary metabolism. In this 
study, A-factor was added at specific concentration to mutant ΔafsA at the middle of 
exponential growth phase, and then RNA samples were obtained from the cells grown 
followed by the addition of A-factor in various time fractions. The comparison of the 
transcriptomes with those obtained from cells grown in absence of A-factor evaluated 
the effects of A-factor on transcription of all protein-coding genes of S. griseus. Analysis 
of variance confirmed the different expression of 477 genes during the 12 h after the 
addition of A-factor (Hara et al. 2009). Additionally, in an older study, the effect of 
AdpA, a central transcriptional activator of secondary metabolism and morphogenesis 
in the A-factor regulatory cascade of the same genus has been revealed the direct or 
indirect activation of at least four of 34 gene cluster or genes of secondary metabolites 
production, including the streptomycin biosynthesis gene cluster (Ohnishi et al. 2008).

11.5.6  Functional Genomics

Genome sequences information have provided powerful tool for understanding cel-
lular processes and analyzing bacterial metabolism. As genome information has 
increased, the studies have been concentrated mostly on comparative and functional 
genomics instead of structural genomics. Functional genomics studies the role and 
expression pattern of every gene in relation with other genes in the genome of an 
organism. DNA microarray technique attempts to examine numerous genes simul-
taneously using hybridization of mRNA and probes (Ball and Trevors 2002), and is 
the finding of genome transcriptional pattern and the determining of the differences 
in genetic profiles among different strains (Rick et al. 2001). The first step in the 
analysis of genes by microarray is primer designing for specific regions of genome. 
Generally, primers are designed for open reading frames (ORFs); however, ideal 
primers should contain both ORFs and the intergenic regions that include promoters 
and regulating elements (Lease and Belfort 2000). The computer programs such as 
PrimeArray or Primer 3 (http://www-genome.wi.mit.edurgenome–softwarerother-
rprimer3.html) are commonly used for the primer design. Sometimes, primers 
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re- design and optimizations of reaction conditions are necessary to increase the 
yield of PCR amplification. In other way, the short oligonucleotides can be used 
instead of PCR products in DNA microarray. This oligonucleotide-based DNA 
microarray has advantages such as no need for amplification, fewer contaminations, 
less cross- hybridization, and high coverage of genome (Rick et al. 2001).

11.5.7  Comparative Genomics

The comparison of genes location, numbers and their roles as regulator or functional 
ones in a group of organisms refers to comparative genomics. Genomic information 
provides possibility to study and compare all proteins encoded by genomes of different 
strains with each other. XBASE (http://www.xbase.bham.ac.uk) is a bacterial genomes 
database with focus on comparative genomics. The system incorporates all bacterial full 
genome data from NCBI and WGS division of GenBank. The database of xBASE is 
updated every month after the new release of genome sequences in public databases. 
Currently the latest version is xBASE 2.0 (Chaudhuri et  al. 2008). The Integrated 
Microbial Genomes (IMG) system provides comparative genome analysis, single cell 
genome analysis, and RNA sequence and biosynthetic cluster information. The analysis 
of public genome sequences (IMG/W: http://www.img.jgi.doe.gov/w), genome annota-
tions (IMG/ER: http://img.jgi.doe.gov/er), and training in this area (IMG/EDU: http://
img.jgi.doe.gov/edu) can be achieved by this genomic tool (Markowitz et al. 2014).

11.5.8  Genome Scanning in Actinobacteria

Genes requiring biosynthesis of secondary metabolites are generally clustered together 
in genome of bacteria (Martin and Liras 1989) which may be an advantage for the 
high-throughput genomics-guided approach in the identification of cryptic metabolic 
pathways (Zazopoulos et al. 2003). As an example, biosynthetic pathways of a variety 
of enediyne antitumor antibiotics-producing Actinobacteria have been uncovered by 
application of the genome analysis technique. Further, through comparative analysis, 
it was revealed that there is a conserved cassette including five genes that contains a 
novel family of polyketide synthase (PKS) and is involved in the synthesis of a highly 
reactive chromophore ring structure (Liu et al. 2002; Ahlert et al. 2002).

Short (700  bp) random genome sequence tags (GSTs) from a genomic DNA 
library of a bacterium are generated by a shotgun DNA sequencing approach. 
Sequence comparisons are used to identify GSTs of genes, involved in the second-
ary metabolite biosynthesis. Afterward, selected GSTs designed-screening probes 
are applied for the identification of cloned subgenomic fragments, such as bacterial 
artificial chromosomes (BACs) as well as cosmids, with the genes of interest and 
neighboring genes which together may represent a biosynthetic gene cluster. In the 
regard of the identification of gene clusters involved in natural product biosynthesis, 
genome analysis provides an efficient tool since it provides reasonable assurance of 
full genome representation by the analysis of a relatively small number of GSTs 
(Zazopoulos et al. 2003). A typical gene cluster involves in the formation of natural 
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product ranges in size from 20 to 200 kbs (Beyer et al. 1996; Schwecke et al. 1995), 
therefore it is expected that by analyzing every 1000 GSTs, any given gene cluster 
will be represented 2 to more than 20 times.

High-molecular-weight genomic DNA obtained from Actinobacteria were employed 
for generation of a small insert genomic sampling library (GSL) as well as a large-insert 
cluster identification library (CIL). GSL is generated by the sonication of DNA fol-
lowed by agarose gel electrophoresis-prepared fragments of 1.5–3.0 kbp and cloning 
them into plasmid vectors. Even though, CIL is generated by partial digestion restriction 
endonuclease Sau3A1-aided fragmentation of genomic DNA to a size range of 
30–50 kbs followed by cloning into cosmid vectors. Each GSL is represented to one 
thousand gene sequence tags (GSTs) (average read length, 700 bp), is translated into 
amino acid sequence, and will be compared within databases such as DECIPHER, 
Ecopia Bioscience Inc., Montreal, Canada; http://www.ecopiabio.com, and gene 
sequence likely to be involved in biosynthesis of natural products can be identified by 
applying the basic local alignment search tool protein database (BLASTP) software 
(http://www.ncbi.nlm.nih.gov/). An important parameter is the size and breadth of the 
database compared with, as the efficiency of the genome scanning approach depends on 
the discrimination power of primary and secondary metabolism genes from each other. 
Therefore, the probability of the identification of a particular gene cluster by the analysis 
of a given GSTs number will increase. For the isolation and the identification of enediyne 
biosynthesis genes from various enediyne-producing actinobacterial strains, a signifi-
cant antitumor antibiotics (Doyle and Borders 1995) above approach was adopted. The 
presence of the conserved enediyne warhead cassette genes and other frequently found 
genes in biosynthetic loci encoding other classes of secondary metabolites were used in 
the identification of enediyne biosynthetic loci (Zazopoulos et al. 2003).

11.5.9  Molecular Cloning

Molecular cloning is a technique in the field of molecular biology, concerning the 
identification of molecular mechanisms and structures that are responsible for cell 
growth and development, differentiation, division, and metabolism as well as under-
standing of the function, structure, and regulation of genes and their products. More 
importantly, manipulation of molecules are key points of such processes and the 
observation of the changes in cells which can be implemented by molecular cloning 
(Davis 2012). In the regard of secondary metabolite production, in vitro interspecific 
recombination method of molecular cloning finds application to bioactive com-
pound-producing bacteria and leads to enhanced metabolic production. However, to 
fulfill such approaches, genes responsible for biocompound synthesis must be iso-
lated, analyzed, and even modified (Malpartida and Hopwood 1984). Example of 
this perspective is the recruitment of molecular cloning technique for isolation of 
complete genetic information necessary for the formation of actinorhodin, an aro-
matic polyketide pigment which belonged to isochromanequinones class of antibi-
otic from Streptomyces coelicolor DNA. In this experiment, pIJ922 (25 kb) which 
developed from a 31-kb sex factor of Streptomyces coelicolor, known as the plasmid 
SCP*, and has single site for restriction enzymes was used as cloning vector. The 
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cloned DNA was prepared by first purification of pIJ922 DNA using CsCl- ethidium 
bromide density gradient centrifugation, alkaline lysis, and digestion with 
BamHI. Then the product was subjected to phenol extraction and linearized plasmid 
was mixed with chromosomal DNA from act+ S. coelicolor strain which sized in the 
range of 15–30 kb (sucrose density gradient) by partial digestion with MboI. After 
ligation, cloned DNA was used to transform a mutant of act class V that was defi-
cient in a late step of the biosynthesis of actinorhodin. Recombinants were identified 
by the generation of blue color on R2YE medium plates. Finally, a continuous seg-
ment of DNA was isolated and proved to be responsible for actinorhodin synthesis 
by complement activity of its production when cloned into actinorhodin non- 
producing S. coelicolor. Additionally, its introduction into Streptomyces parvulus 
also resulted in the antibiotic production (Malpartida and Hopwood 1984).

Another prominent impetus for the deduction of secondary metabolic biosynthesis 
pathways is the provision of a scaffold for developing a deep understanding of the 
mechanisms governing selectivity in key secondary metabolic biosynthetic enzymes 
that in turn suggests several strategies for engineering the production of novel secondary 
metabolites with enhanced or modified activities. For example, prodiginines, which 
belong to red-pigmented oligopyrrole antibiotics family, rendered medicinal potential 
as immunosuppressants and antitumor agents that are synthesized by several 
Actinobacteria. However, their toxicity has inhibited prodiginines application for medi-
cine (Cerdeño et al. 2001). In 2001, sequence comparison was used to assign functions 
to the most of the genes in the previously sequenced undecylprodiginine and butyl-meta-
cycloheptylprodiginine, several of which encode homologues of enzymes participated 
in fatty acid, non-ribosomal peptide, and polyketide biosynthesis. Consequently, a com-
plete biosynthesis pathway for these compounds in Streptomyces coelicolor has been 
provided, and function of some genes in the cluster has been identified by gene knock-
out experiments. Roles of five out of 23 genes could not be deduced because of their low 
similarity to genes of known function in the database. To conduct the study, Escherichia 
coli DH5α and Streptomyces coelicolor strains M511 and M521 were used as the clon-
ing hosts for the construction of plasmids and red gene deletion mutants, respectively. 
E. coli ET12567 was applied as the host for conjugational transfer of plasmids to 
Streptomyces coelicolor. pIJ4126, pIJ4136, pIJ4148, and pIJ6013 were used as cloning 
vector which contained portions of the red cluster. However, subcloning in E. coli was 
performed using pHJ2925 and pBLUESCRIPT SK+ vectors. Finally, gene deletions in 
Streptomyces coelicolor was fulfilled by vectors pKC1132 and pSET151 that were 
capable of conjugal transfer from E. coli to Streptomyces spp. (Cerdeño et al. 2001).

11.6  Metabolite Analysis

11.6.1  Applications and Significances of Dereplication

Actinobacteria provide numerous secondary metabolic products that can be exploited as 
bioresource materials aimed at the discovery of new medicines. However, the achieve-
ment of these exploitations is strongly under influence of the efficacy of performance of 
compound screening programs, which itself is depended on the availability of equipment, 

11 Practical Aspects of Working with Actinobacteria



360

labor and time investments necessary for the isolation and the structural elucidation of 
new metabolites with biological properties. Despite great improvements in analytical 
methods for the exploration of new natural compounds, the frequent isolation of known 
compounds after heavy investments of money and time resulted in slowed down or ter-
mination of natural product research activities by many pharmaceutical companies. 
However, the need for novel chemical structures from naturally occurred compounds is 
demanded by drug discovery industry. Therefore, a solution for considerable reduction in 
the expense, effort and timeline for chemical profiling of natural products is dereplication 
procedure, which is a term coined by Beutler et al. (1990) and can be defined as a process 
of quickly identifying known chemotypes (Beutler et al. 1990). Since structurally related 
or identical molecules share identical physical characteristics including chromatographic 
retention times, mass spectrometry (MS), ultraviolet (UV)-vis profiles, and nuclear mag-
netic resonance (NMR) chemical shifts, or biological properties; dereplication technique, 
to some extent, elucidates crude extracts to differentiate already identified natural prod-
ucts from novel compounds that are of interest (Yang et al. 2013).

11.6.2  Dereplication System and Hyphenation Possibilities

Dereplication requires reliable, rapid, robust, and sensitive analytical techniques to 
achieve an efficient identification of known secondary metabolites. Remarkable 
developments in separation science, high-throughput analytical and spectroscopic 
techniques provided various possible approaches with different advantages in sensi-
tivity, resolution, or scale (mg vs μg) for dereplication process. Some of these meth-
ods have been reviewed here.

High performance liquid chromatography (HPLC) is the most demanded tech-
nique to separate natural compounds due to its robustness, simplicity, and applicabil-
ity to diverse compounds even with sophisticated chemical skeleton. Among other 
common chromatographic dereplication methods are ultra-high pressure liquid chro-
matography (UHPLC), with greater sensitivity, resolution, and reproducibility than 
the conventional HPLC and both techniques commonly referred to as liquid chroma-
tography (LC); Thin layer chromatography (TLC or HPTLC), frequently used for the 
rapid identification of known compounds following pre- fractionation of a crude 
extract, or for the preliminary analysis of natural extracts; TLC-based bioautographic 
methods, allowing rapid localization of biologically potent compounds directly on 
TLC plates and gas chromatography (GC), used for dereplication of small volatile 
molecules, as well as flavor and aroma constituents (Hubert et al. 2015). However, two 
latter tools are not applicable for dereplication of a number of natural compounds.

Ultraviolet (UV) or photodiode array (DAD) detectors coupled with LC provide lim-
ited structural information recovered from peak retention times or UV spectral finger-
prints and require standard molecules as reference for both identification and 
quantification purposes (Wolfender 2009). In contrast, MS and NMR are powerful 
instruments that provide knowledge about the structural diversity of the natural products 
(Hubert et al. 2015). The former is sensitive, rapid, accurate and high- throughput detec-
tion technique which characterizes trace-level natural products on the basis of exact 
mass, elemental composition, adducts, and fragmentation patterns. Therefore, equipping 
LC with high-resolution mass spectrometers including Fourier Transform (FT), 
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Time-of-Flight (TOF), or Orbitrap devices currently regarded as the most powerful 
screening tool for on-line identification of compounds in natural resources (Hubert et al. 
2015). In addition, gas chromatography (GC)/MS is more suitable coupling for derepli-
cation of hydrophobic or volatile small molecules such as fatty acids (Stavri et al. 2004) 
or aroma and flavor components (Molyneux and Schieberle 2007). Variability in raw 
datasets obtained from one mass analyzer to another, diversity in ionization processes as 
well as matrix effects on ionization suppression or enhancement, and different interpre-
tation of MS data are amongst the major difficulty in application of MS for dereplication 
process (Hubert et al. 2015). The last problem can be partially solved with the imple-
mentation of computer for analysis of mass spectral data. Processing software for 
LC-MS, which facilitates peak recognition, ion extraction, organization and classifica-
tion of data, includes MassHunter for Agilent, Bruker Data Analysis and Bruker Profile 
Analysis for Bruker, MarkerLynx™ for Waters or publicly accessible software such as 
MZmine, XCMS, and MET-IDEA, and are able to manage data from various instru-
ments. Additionally, among computer tools assisting metabolite identification are ISIS, 
which is based on the prediction of fragmentation patterns by spectral comparisons; 
MetFusion, which utilizes substructures to determine spectral and chemical similarities; 
FT-BLAST, which is based on differentiation using a fragmentation tree database; and 
FingerID, which compares molecular structures after prediction of structural features 
(Hufsky et  al. 2014). Another emerging technology in the field of natural products 
dereplication is LC/NMR, which allows direct comparison of metabolite profiles in 
small-scale extracts by 1H NMR. In the case of LC/SPE/NMR, natural extracts are sepa-
rated by liquid chromatography, then analyte peak is trapped on solid phase extraction 
cartridges and concentrated, which also allows 2D NMR in the last step. These strategies 
greatly minimize re-isolation of already known products (Hubert et al. 2015).

NMR is by far the most potent method to unambiguously elucidate sophisticated 
structures of small compounds. High field magnets, capillary and cryogenic probes in 
addition to more sophisticated transforming software, for example, NMRbot Python 
scripts have improved the sensitivity of NMR to that of MS-based analytical methods 
(Clos II et al. 2013). However, solvent and pH introduce considerable chemical shift 
variations across samples, which are significant disadvantages of NMR-based derepli-
cation methods. Additionally, the limited spectral dispersion as well as the complexity 
of signal patterns, especially in 1H NMR spectra, are challenging when crude natural 
products are investigated (Pauli et al. 2014). Today, acquisition of 13C spectra of natural 
metabolite mixtures with acceptable resolution and sensitivity, and in an appropriate 
timeline has been emerging due to the technical improvements in NMR spectrometers 
as well as its methodologies, for example, dynamic nuclear polarization (Hubert et al. 
2015). To simplify interpretation of NMR spectra of natural crudes, diffusion ordered 
spectroscopy (DOSY) or total correlation spectroscopy (TOCSY) can be used.

11.6.3  Dereplication Workflows of Natural Products

Based on the workflow, dereplication can be categorized into five distinct groups. In the 
first category, annotated as DEREP1, chemical profile of a single natural resource is 
elucidated, and the spectroscopic data obtained is directly compared to natural metabo-
lites of databases. In the context of this group, one crude natural sample is fractionated 
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to simplify the mixtures, which are then subjected to untargeted analysis by dereplica-
tion methods such as LC-DAD, LC-MS, NMR, LC-NMR followed by database search. 
This approach, which has been implemented as a strategy for dereplication of natural 
product by up to 16% of the total published works mentioning the term “dereplication” 
during a 24 years from 1990 to 2014, results in quick identification of the major known 
compounds present in an extract (Hubert et al. 2015). On the other hand, in the second 
group, known as DEREP2, bioactivity- guided fractionation procedures are coupled with 
dereplication technique. The former procedures screen compounds with a predefined 
biological activity from those of inactive metabolites (Agarwal et al. 2014), whereas the 
latter technique minimizes the frequent issue of re-identification of known compounds. 
Almost 17% of the total examined articles, in a 24-year duration, have recruited DEREP2 
workflow, which is the same as DEREP1 steps, except that in DEREP2 either biological 
tests are conducted on all fractions obtained after fractionation and then only active frac-
tions are analyzed, which results in the identification of known and active compounds; 
or all fractions are first analyzed and then biological tests are only conducted on fractions 
of unknown composition, which results in targeting new structures (Hubert et al. 2015). 
Interestingly, the main characteristic of the DEREP3 is the ability to directly elucidate 
molecular structures within crude extracts of bacteria without any fractionation step. 
This dereplication approach leads to high- throughput chemical profiling of natural 
extract collections after direct and untargeted analysis of collected crude natural extract 
to obtain statistics pattern recognition, which in turn is checked with metabolite data-
bases (Hubert et al. 2015). The described procedure has been applied in same number of 
article as DEREP1 procedure. The fourth group, called “DEREP4,” is based on targeted 
chemical profiling, in which a predefined number of products or a specific chemical 
class of molecules is studied and the molecular structures are elucidated. This method is 
described in up to 18% of the total articles on dereplication in the same duration. The 
workflow consists of either fractionation of natural extract/s to simplify mixtures and 
then subjected to targeted analysis or direct exposure of the extracts to targeted analysis, 
which is done mostly by LC/MS in both approaches. Subsequently, information is com-
pared with natural product databases. The main objective of DEREP4-based studies is 
either to discover potentially toxic or undesired natural molecules of crude extracts or, in 
contrast, to explore a particular group of compounds displaying a particular biological 
activity (Hubert et al. 2015). Finally, dereplication methods in fifth group (DEREP5), 
covering almost 23% of the total surveyed articles in the period of consideration, are 
mainly based on phenotypic characteristics or genetic diversities to differentiate bacte-
rial isolates at the level of species, hence adopting genetics and metabolic engineering as 
an integral part of dereplication strategies. Therefore, by applying metagenomic 
approaches, access to numerous gene sequences in microorganisms is provided (Hubert 
et al. 2015). A typical workflow of these approaches includes taxonomic dereplication of 
microbial strains by 16S rDNA gene sequencing or PCR-fingerprinting of large collec-
tions of isolates. Thereafter, phylogenic similarities are correlated and discriminated 
strains are identified by clustering analysis known as taxonomic dereplication. Once 
taxonomical identification is achieved, promising ones will be determined through com-
paring information with a microbial strain database. Sensitive analytical instruments will 
be recruited for future investigations of metabolite profiles to discover potentially new 
bioactive metabolites and collection of above described processes can lead to the discov-
ery of untapped bioactive molecules (Hubert et al. 2015).
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11.6.4  Natural Product Databases

Availability and quality of natural metabolites libraries have a pivotal role in the 
achievement of accurate dereplication of known compounds. Some comprehensive 
dereplication databases will be discussed below.

11.6.4.1  The Dictionary of Natural Products (DNP)
The compilation of DNP is undertaken at Chapman & Hall with information on 
over 270,000 natural compounds. A characteristic feature of the software is the 
organization of closely related products; for example, where one compound is a 
glycoside or simple ester of another, information can be found into the same entry 
to simplify and display the underlying structural and biosynthetic relatedness of the 
molecules. Structure illustrations are drawn and numbered according to stereo-
chemical and biogenetic relationship. Additionally, indexing of every natural prod-
uct is done by structural/biogenetic type under one of approximately 1000 headings, 
providing the rapid location of all molecules in the category, even if they have 
undergone biogenetic modification and share different skeleton. This software is 
commercial and available at http://www.chemnetbase.com.

11.6.4.2  AntiBase
AntiBase is a commercial natural compound identifier and has provided 42,950 
natural compound entries in its 2014 edition. Data from primary and secondary lit-
erature are obtained and carefully validated. A wide range of data including descrip-
tive, physico-chemical, spectroscopic, and biological data in addition to information 
on origin and isolation, and a literature survey has been provided by AntiBase. 
Additionally, it can uniquely provide a prediction of 13C-NMR spectra for those 
molecules which lack measured spectra using the Wiley’s proprietary NMR spec-
trum prediction algorithm. This software is available at Wiley website (http://
eu.wiley.com/WileyCDA/WileyTitle/productCd-3527338411.html).

11.6.4.3  MarinLit
In 1970s, John Blunt and Murray Munro established MarinLit at the University of 
Canterbury, New Zealand. It is primarily adopted for the dereplication of marine 
natural products. It covers marine natural compounds in journal articles such as new 
and revised compounds, synthesis, ecology, and biological activities. Included with 
the software are the possibility to search on substructures, NMR structural features, 
calculated 13C and 1H NMR shift data, exact masses, chemical formula, UV λmax, 
and log ε and their combination thereof. MarinLit is a commercial software and 
cited in 29,449 articles at the present time. It is available at Royal Society of 
Chemistry website (http://pubs.rsc.org/marinlit/).

11.6.5  Some Strategies for Dereplication

There are many different strategies for dereplication of naturally synthesized sec-
ondary metabolites based on the group of interest compounds and available instru-
ments. Some of the important approaches have been outlined in this section.
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11.6.5.1  Molecular Networking
A molecular network is a visual representation of the chemical similarity or the molecu-
lar relatedness of any provided set of compounds. In mass spectrometry- based molecular 
networking, structurally identical molecules which share similar MS/MS fragmentation 
patterns are recognized. This technique is implemented within three fundamental steps 
including the collection of MS/MS spectra, the generation of a molecular network using 
“cosine scores” to measure relatedness in MS/MS spectra and the visualization of cor-
relations of large data sets using tools such as Cytoscape, and analyzing molecular net-
work (Yang et al. 2013). The implementation of these steps results in the organization of 
natural products based on their similarities in MS/MS fragmentation patterns into molec-
ular families, which makes them clustering together within a network (Nguyen et al. 
2013). The developed network can be used for the simultaneous visual exploration of 
similar molecules, analogues, or compound families, in single or multiple data sets and 
establishes an extensive variety of biological resources (Nguyen et al. 2013).

11.6.5.2  HPLC Bioactivity Profiling Technique in Conjunction 
with Capillary Probe NMR

In this method, the dereplication process for bioactive extracts are initiated by subjecting 
crude extract to reversed-phase HPLC purification and fractionated in a microtiter plate 
(with constant maintenance of all HPLC parameters over years for reliable comparisons 
of data obtained). Various UV spectra and retention times are recorded for all present 
bioactive peaks and compared with an in-house library of known bacterial compounds. If 
no match could be found with the in-house UV library, then spectra of bioactive com-
pounds in microtiter plate are obtained by capillary NMR probe (CapNMR). Subsequently, 
these spectra are examined for characteristic features that are compared with the 
AntiMarin (Blunt et al. 2006) database, a merged data from MarinLit and AntiBase soft-
ware with almost 47,000 unique compounds, for dereplication purposes (see above). In 
addition, MS data can be incorporated to tighten the search within the databases. The 
described method requires microgram quantities of extract and uses the discriminating 
power of 1H NMR spectroscopy as a definitive dereplication tool (Lang et al. 2008).

11.6.5.3  Combination of Mass Spectrometric Metabolic Profiling 
and Genomic Analysis/Metabolomic Tools

The comprehensive analysis of small molecules with a molecular weight of less 
than 1000 D in a biological system under provided conditions is defined as metabo-
lomics (Fiehn 2001). At biochemical level, these small molecules, metabolomes, 
are closely related to the phenotypes. Therefore they provide insight into the bio-
logical function (Van Der Werf et al. 2005).

An innovative method was developed for the discovery of novel natural compounds 
by taking advantages of mass spectrometric metabolic profiling and genomic analysis 
in 2015 (Kleigrewe et al. 2015). In this approach, the desired bacteria are subjected to 
genome sequencing and analysis to obtain their recognizable biosynthetic pathways, 
and this data are compared with their respective detected metabolomes using MS pro-
filing. Thereafter, compounds are identified by MS-based molecular networking, and 
subsequently, are isolated and subjected to structure elucidation (Kleigrewe et  al. 
2015). The total number of compounds as well as compound classes present in a crude 
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natural product extract can be inferred by the mass spectrometric based metabolomics 
technique. Moreover, it is possible to develop tentative structural data on novel com-
pounds by a technique which combines high- resolution mass spectrometry (HRMS) 
with the molecular ion isotopic pattern, and with MS2-based fragmentation analyses. 
Consequently, the combination of genomics and metabolomics provides the possibility 
of correlating the particular compounds to their respective gene clusters or vice versa 
(Medema et al. 2014; Kersten et al. 2011). Another approach of metabolomics-based 
dereplication for discovery of secondary metabolic products involves high-throughput 
selection of unique strains by the examination of their chemical profiles compared with 
the total available bacterial pattern through liquid chromatography-high resolution 
mass spectrometry (LC-HRSM) as well as NMR spectroscopy. The mass spectromet-
ric data are compared with AntiMarin database, and subsequently, bacterial strains are 
differentiated with multivariate analysis by principal component analysis (PCA), in 
which similar metabolites-producing bacteria are grouped together, whereas those spe-
cies producing distinct secondary metabolomes are observed as outliers. Additionally, 
NMR 1H and correlation spectroscopy (COSY) can be applied to provide a chemical 
fingerprint of each bacterial strain and confirm the existence of functional groups. In 
the last step, combination of the results with taxonomic identification and bioassay 
screening information is performed, which helps to distinguish the potent strain for 
further metabolites isolation and purification work (Macintyre et al. 2014).

Some dereplication approaches using various workflows (newest to oldest)
Some examples of articles used dereplication categories 1 and 4 as an approach
Chemical classes and natural 
sources discovered Analytical method

Dereplication 
category References

Four macrotetrolides homologous 
to nonactin and three related linear 
dimers from Streptomyces sp.

MS, LC/MS2 DEREP1 Crevelin et al. (2014)

Ten known compounds, including 
angucycline, diketopiperazine and 
b-carboline and three novel 
derivatives produced in the culture 
medium of Actinokineospora sp. 
EG49 grown in co-culture with 
Nocardiopsis sp.

NMR DEREP1 Dashti et al. (2014)

Pyrrolamide compounds including 
congocidine and distamycin in 
fermentation culture of 
Streptomyces netropsis

Genome scanning 
and precursor ion 
scan MS

DEPREP4 Hao et al. (2014)

Hydroxylated fatty acids, 
antimycin compounds and three 
butenolides from a sponge-derived 
Streptomyces sp. with antibacterial 
and antifungal activities

LC/MS DEREP1 Viegelmann et al. 
(2014)

Two known naphthocoumarins and 
one new naphthocoumarin from 
Streptomyces sporoverrucosus

HPLC–PDA/
LC–MS 
combined to 
DNP, 2D NMR

DEREP1 Jain et al. (2013)
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Some examples of articles used dereplication categories 1 and 4 as an approach
Chemical classes and natural 
sources discovered Analytical method

Dereplication 
category References

Quantification of structurally 
diverse standard natural products

ELSD DEREP1 Hou et al. (2012)

719 microbial natural product and 
mycotoxin standards

LC/DAD/
TOF–MS, MS/
MS under 
different 
ion-source 
settings

DEREP1 Nielsen et al. (2011)

Linear polyketides and tubercidin 
from Actinopolyspora erythraea

1D and 2D NMR DEREP1 Zhao et al. (2011)

Streptothricin-like compounds in 
the fermentation broth of 
Streptomyces qinlingensis

Ion-pair LC/
ESI–MS

DEPREP4 Ji et al. (2008)

Two known antibiotics teicoplanin 
and phenelfamycin in several 
microbial crude extracts

LC/UV/ESI–MS/
MALDI-MS

DEPREP4 Ackermann et al. 
(1996)

Elaiophylin and geldanamycin in a 
range of microbial broths

CPC/DAD, 
LC–MS

DEPREP4 Alvi et al. (1995)

Some examples of articles used dereplication categories 2, 3 and 5 as an approach

Strategy Goal
Dereplication 
category References

PCR analysis of 100 strains 
randomly selected from an 
actinomycete collection to evaluate 
their ability to biosynthesize 
aromatic polyketides, reduced 
polyketides, nonribosomal peptides, 
and diterpenoids

Extract 
prioritization by 
biosynthetic 
potential survey

DEREP5 Xie et al. (2014)

Investigation of Streptomyces 
lavendulae phenotypic cluster for 
production of lipstatin-like lipase 
inhibitors using a taxonomy-based 
dereplication with a public 
collections of strains and in vitro 
assays

Identification of 
potentially novel 
and useful 
industrial 
Streptomyces 
strains

DEREP5 Sladič et al. 
(2014)

Metabolomic analysis of 
antitrypanosomally active sponge-
associated Actinokineospora sp. 
obtained in four fermentation 
conditions using HR-FT-MS and 
NMR combined to PCA, HCA and 
OPLS-DA

Identification of 
the best culture 
one strain-many-
compounds 
conditions

DEPREP3 Abdelmohsen et 
al. (2014)

Metabolomic analysis of 
Streptomyces isolated from 
geographically varied environments 
using LC/MS combined to 
bucketing and presence-absence 
standardization strategy, PCA and 
HCA

Discrimination of 
microbial strains 
and identification 
of novel 
compounds

DEPREP3 Forner et al. 
(2013)
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Some examples of articles used dereplication categories 2, 3 and 5 as an approach

Strategy Goal
Dereplication 
category References

Characterization of the pigment 
profiles of 400 bacterial isolates 
using MALDI-TOF–MS 
dendrograms

Taxa 
discrimination and 
identification of 
novel carotenoids 
with UVA-Blue 
light absorbing 
properties

DEPREP3 Stafsnes et al. 
(2013)

Cytotoxicity-guided identification 
of one unknown and one known 
compounds from Marine-derived 
Streptomyces sp. compounds

Microprobe NMR, 
ESIMS

DEREP2 Mahyudin et al. 
(2012)

Metabolomic analysis of marine-
derived bacterial natural products 
using LC/MS with PCA

Strain 
prioritization in a 
drug discovery 
program

DEPREP3 Hou et al. (2012)

High-throughput LC/MS analysis of 
16,025 microbial extracts, binning 
by nominal mass and retention time, 
data visualization by scattered plots 
and elimination of the ubiquitous 
peaks to focus on unique 
compounds

Investigation of 
extract chemical 
diversity

DEPREP3 Ito et al. (2011)

Metabolomic analysis of crude 
extracts obtained from 
actinomycetes in different 
cultivation medium by direct 
infusion MS and LC/MS

Identification of 
novel microbial 
metabolites

DEPREP3 Crevelin et al. 
(2010)

Explorative solid-phase extraction 
and ion-exchange chromatography 
for the chemical profiling of 
microbial extracts

Extract 
prioritization, 
mapping of 
biological 
activities

DEPREP3 Månsson et al. 
(2010)

Chemical screening of thirteen 
antibiotics and four cultivation 
broths by LC/DAD and fingerprint 
analysis based on polarity, UV 
spectra and acid–base properties

Identification of 
novel potent 
antibiotics among 
microbial 
metabolites

DEPREP3 Kameník et al. 
(2010)

Evaluation of the antimicrobial 
activity and subgrouping of 217 
streptomycetes isolates from the 
water surface microlayer in Norway 
by phylogenetic analysis and 16S 
rDNAs sequencing. Seven isolates 
with identical 16S rDNA sequences 
were further studied for the presence 
of PKS type I genes

Investigation of 
Actinomycetes 
from the water 
surface microlayer 
as a source of new 
antimicrobial 
agents

DEREP5 Hakvåg et al. 
(2008)
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11.6.5.4  Genomics-Guided Natural Products Discovery
There is significantly larger number of biosynthetic genes in Actinobacteria than 
metabolites actually isolated following their laboratory cultivations mainly due to 
totally dormant genes, partial activation of biosynthetic pathways under the growth 
conditions, or bioassay-guided isolation of specific compounds. Therefore, 
genomics- guided natural products discovery is considered fruitful by high- 
throughput scanning of secondary metabolite gene clusters (Farnet and Zazopoulos 
2005; Singh and Pelaez 2008). The obtained data are then compared with a growing 
library of genes from various microorganisms which encode numerous known natu-
ral metabolites with maximal chemical diversity. This allows successful discovery 
of a number of gene clusters predicting a chemically diverse new structures (Singh 
and Pelaez 2008). Subsequently, these predicted novel structures can be produced 
by growing the strain under appropriate conditions, especially applying high- 
throughput cultivation methods, as well as their detection from fermentation media 

Some examples of articles used dereplication categories 2, 3 and 5 as an approach

Strategy Goal
Dereplication 
category References

Chemical profiling of fungal or 
bacterial extracts using an HPLC 
bioactivity profiling/microtiter plate 
technique in conjunction with 
capillary probe NMR 
instrumentation and databases

Demonstration of 
the discriminating 
power of H-1 
NMR as a 
dereplication tool

DEPREP3 Lang et al. (2008)

Identification of 26 closely related 
Streptomyces soil isolates using 
rDNA sequencing, MIDI fatty acid 
analysis, and LC–MS profiling of 
fermentation extract

Discrimination 
between 
morphologically 
similar strains

DEREP5 Ritacco et al. 
(2003)

Investigation of unusual strains of 
actinomycetes and filamentous 
fungi by reconstruction of gene 
clusters from small segment of 
cloned DNA and preparation of 
large-insert libraries

Detection of 
uncommon genera 
of soil microbes

DEREP5 Donadio et al. 
(2002)

Some examples of different types of DNA microarrays for microbial systems (Rick et al. 
2001)
DNA Surface or matrix Reference
10–400-bp fragments Microelectronics Nanogen (http://www.nanogen.com)
PCR products Membrane SigmaGenosys (http://www.genosys.com)
Oligonucleotides Polacrylamide Proudnikov et al. (1998)
Glass Long 

oligonucleotides
Operon (http://www.operon.com)

Short 
oligonucleotides

Affymetrix (http://www.affymetrix.com)

PCR products DeRisi Eurogentec (http://www.eurogentec.
com)
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by suitable analytical methods for these new predicted molecules (Singh and Pelaez 
2008). A profound improvement of this method was performed by cultivation in 
96-well plates with potential for automation, providing opportunities for the con-
duction of effective fermentations in multiple conditions, resulting in a decrease of 
scale as well as cost (Singh and Pelaez 2008). The mentioned improvement can 
vigorously increase the possibility for the exploration of the metabolic potential of 
Actinobacteria by biosynthetic genes activations as a result of modifications in 
growth conditions (Singh and Pelaez 2008).

11.6.5.5  Mining Bacterial Genomes for New Biosynthetic Pathways
Employment of various techniques with the power of mining bacterial genomes can 
effectively lead to simplified discovery of new natural product as well as biosyn-
thetic pathways. Some examples of these techniques in identification of the meta-
bolic products of cryptic gene clusters will be discussed here.

Generally, the number of modules in the assembly line correlates perfectly with 
the number of metabolic building blocks, which have been incorporated into final 
product (Haynes and Challis 2007). The existence or extinct of domains with tailor-
ing activities in individual modules usually allows prediction of the procedure in 
which an initially labeled metabolic building block is modified during the process 
of its incorporation into the natural metabolite (Fischbach and Walsh 2006; Challis 
2008). Understanding of cryptic biosynthetic assembly lines can generally be 
obtained by employing bioinformatics analyses, which consequently leads to the 
prediction of significant physico-chemical properties of a metabolite of a cryptic 
biosynthetic system. Subsequently, these physico-chemical properties predicted are 
used to tighten the search of fermentation broths for products of cryptic pathways, 
and therefore to target only natural products of chemically interest (Challis 2008).

Genome-isotopic approach and in vitro reconstitution applied for the identification 
of cryptic biosynthetic systems, where substrates of enzymes in the pathways are pre-
dicted. One approach uses stable isotope-labeled putative precursors of the metabolic 
product to feed the bacterium having cryptic biosynthetic gene cluster. Then, 2D NMR 
experiments are applied to screen crude extracts obtained from the fermentation broth 
for the identification of labeled precursors-containing metabolites. The purification of 
these metabolites can be facilitated by using NMR-guided fractionation (Gross et al. 
2007). On the other hand, the second approach employs the recombinant production of 
a biosynthetic enzyme in pure form, followed by its incubation with the predicted sub-
strates of that enzyme. Then, structures of the product are determined (Challis 2008). 
When substrate specificity cannot be confidently predicted by bioinformatics analysis, 
both the directed approaches discussed previously, i.e. genome-isotopic and in vitro 
reconstitution methods are useless in the exploration of the metabolic products of cryp-
tic biosynthetic pathways. In this case, more generic approaches, such as heterologous 
gene expression/comparative metabolic profiling and gene knockout/comparative meta-
bolic profiling, are employed for the identification of metabolites of cryptic biosynthetic 
gene clusters (Corre and Challis 2007). In the former technique, inactivation of a gene 
within the cryptic biosynthetic gene cluster assumed to be crucial for metabolite biosyn-
thesis is performed, then metabolite produced by wild-type organism is compared with 
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that of mutant by appropriate analytical methods, for example, LC-MS. Consequently, 
those metabolites that are present only in wild-type bacteria are possible products of the 
cryptic gene cluster, which are isolated and structurally characterized (Challis 2008). 
On the other side, the latter technique involves cloning of the whole biosynthetic gene 
cluster, commonly in a single cosmid or bacterial artificial chromosome (BAC) vector, 
and expressing in a heterologous host. The metabolites profile of extracts of the heter-
ologous host lacking and containing the cloned cryptic biosynthetic gene cluster is com-
pared by appropriate analytical techniques such as LC-MS. Those compounds that are 
only produced by the cloned host are possible metabolites of the cryptic biosynthetic 
pathway, which are purified and structurally elucidated as in the former approach 
(Challis 2008). The significant issue encountered in the heterologous expression/com-
parative metabolic profiling technique is the large size (40 kb) of natural product bio-
synthetic gene clusters which makes the clone of the entire cluster in a single vector very 
challenging. One solution is the application of multiple, mutually compatible expres-
sion vectors clone, although it has yet to be investigated (Challis 2006).

A common drawback of above techniques is inexpression of the cryptic biosynthetic 
gene cluster in heterologous host or wild-type organism. Although in vitro reconstitu-
tion method does not have the mentioned problem by deleting the biosynthetic genes 
from their regulatory context, it involves separate overexpression of each gene and puri-
fication of their synthesized metabolites which is laborious (Challis 2006). Therefore, 
cryptic or orphan biosynthetic gene clusters having potential to direct the synthesis of 
sophisticated novel natural metabolic compounds can be detected in genome sequences.
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12Post-genomic Studies and Systems 
Biology of Actinobacteria: A Brief 
Overview

Naghmeh Poorinmohammad and Javad Hamedi

12.1  Introduction

Next-generation sequencing (NGS) has made the high-throughput whole genome 
sequencing affordable and time efficient. Since the late 2000s, there are genome- 
sequencing projects being increasingly completed and published. According to the 
Genomes Online Database (GOLD) (Reddy et al. 2014), about 89,832 bacterial 
samples are reported for sequencing projects, among which 5041 genomes are com-
pleted, published, and publicly available via genome databases as of August 2016. 
To date, from these sequencing projects, 11.5% (10,299 samples) is reported to be 
belonging to the actinobacterial members (Fig. 12.1) within which there are 557 
completed actinobacterial genomes being publicly available.

Although actinobacteria are more biotechnologically relevant in comparison 
with proteobacteria, the number of their published sequenced genomes shows to be 
lesser. This is due to the fact that there are several difficulties associated with acti-
nobacterial genome sequencing as well as computing algorithms used for their 
genome assembly. These difficulties mainly arise from the high mol% G+C content 
as well as large genome size of these bacteria which affects the genome sequencing 
quality and completion (Gomez-Escribano et al. 2016). Moreover, the linear chro-
mosome and plasmids of a number of actinobacteria (i.e., streptomycetes), together 
with the large terminal inverted repeats, make difficulties since they cannot be 
resolved via current sequencing technologies. Another challenge for actinobacterial 
genome sequencing is that the extraction of high molecular weight DNA of these 
bacteria, which should be prepared in high quality required for NGS library 
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construction, is not yet completely feasible (Gomez-Escribano et al. 2016). In fact, 
having these hardships for genome sequencing, the share of 11.5% seems to be 
considerable for actinobacteria.

The large number of completed genomic data via which the information of 
almost all cellular function can be investigated along with other omics data paves 
the way for the discovery of new omics and systems-level biological knowledge of 
interest in actinobacteria. This is complemented specially when coupled with highly 
efficient computational algorithms and tools. In particular, the approach is held by 
enabling strategies such as genome mining and systems-level approaches such as 
systems metabolic engineering and biological network analyses which will be dis-
cussed and are the main focus of this chapter.

12.2  Genome Mining

Indisputably, the traditional process of discovering new bioactive natural products 
from microbial sources is time-consuming and laborious with the unfavorable 
property of having high rates of rediscovery of metabolites (Zerikly and Challis 
2009). On the other hand, a widely accepted fact is that bacterial genomes seem 
to contain many more biosynthetic gene clusters than estimated by the number of 
natural products discovered experimentally (Duncan et al. 2015). Accordingly, 
the massive number of publicly accessible microbial complete genomes is being 
used to mine for novel natural discoveries. This strategy simply implements the 
computational sequence comparison procedures in order to find genes of the 
enzymes likely to be involved in the biosynthesis of a natural product of interest 
located in the sequenced genome or set of genomes. Members of actinobacteria 
are of the best candidates for genome mining, due to the diverse metabolic poten-
tials reported in these bacteria which are comprehensively discussed in the previ-
ous chapters.

It is important to note that the general concept is that only 3% of the natural 
product potential of even actinobacterial model organisms such as Streptomyces has 
been revealed (Duncan et al. 2015). In this regard, multiple genome mining studies 
have been performed to date, on different actinobacterial species with the help of 
accessible complete and annotated genomes. Table 12.1 shows some important 

30.3%
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11.5%

36.9

All othersProteobacteria

Actinobacteria

Firmucutes

Fig. 12.1 Bacterial 
genome-sequencing 
projects shared by 
phylogenetic group (Data 
adopted from: https://gold.
jgi.doe.gov/statistics, 
accessed on August, 2016)
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studies of these projects along with their relative metabolites discovered. It is impor-
tant to note that there are several whole genome annotations within which several 
predicted metabolite groups are predicted among Streptomyces species; however, 
Table 12.1 summarizes the experimented metabolites.

There are many more studies performed on actinobacterial species that mine 
their genomes to find novel secondary metabolites; however, many of them report 
only the novel gene cluster found and do not elucidate the resulting metabolite 
experimentally. This, however, is due to the fact that many of the predicted natural 
products through genome mining strategy are cryptic under the research situations. 
As a result, an important part of genome mining procedure for discovering novel 
metabolites is to awaken the cryptic gene clusters whose strategies are far from the 
concept of current chapter and can be reviewed elsewhere (Scherlach and Hertweck 
2009; Baltz 2011; Hu et al. 2011).

Table 12.1 Novel natural products discovered via genome mining of some actinobacteria

Actinobacterial 
species

Genome mining 
gene target Metabolite(s) name

Metabolite 
bioactivity Reference

Streptomyces 
coelicolor

Terpene synthase 
gene cluster

(+)-epi-isozizaene Antibiotic Lin et al. 
(2006)

Streptomyces 
marokkonensis M10

Polyketide 
synthase 1 gene 
cluster

Two polyene 
metabolites: PF1 
and PF2

Antibiotic Chen et al. 
(2016)

Salinispora pacifica 
CNT-133

Salinosporamide 
biosynthesis gene 
cluster (Sp_sal)

Salinosporamide K Anticancer 
(proteasome 
inhibitor)

Eustáquio 
et al. 
(2011)

Streptosporangium 
sp. CGMCC 4.7309

hex gene cluster Hexaricins A–C – Tian et al. 
(2016)

Streptomyces 
coelicolor

Type III PKSs Germicidins and 
isogermicidins

Antibiotic 
(iron 
chelator)

Song et al. 
(2006)

Streptomyces 
coelicolor M145

Trimodular 
nonribosomal 
peptide synthase 
(NRPS) CchH

Coelichelin Antibiotic 
(iron 
chelator)

Lautru 
et al. 
(2005)

Streptomyces 
avermitilis

sav76 (a terpene 
synthase)

Avermitilol – Chou 
et al. 
(2010)

Salinispora 
arenicola CNP193

Esterase gene A 325-amino-acid 
esterase (SAestA)

Enzyme with 
remarkable 
stability in 
the presence 
of organic 
solvents

Fang et al. 
(2015)

Streptomyces albus 
J1074

General genome 
mining for 
secondary 
metabolites

Antimycin, 
6-epi-alteramides, 
candicidin, 
indigoidine, and 
paulomycins

– Olano 
et al. 
(2014)
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Performing genome mining strategies can be specially beneficial if being done 
on less-studied actinobacteria such as rare or marine actinobacterial species as 
naïve sources of novel metabolites which have been proven to be greatly potent in 
this regard (Tiwari and Gupta 2012; Zotchev 2012). As discussed in detail in Chap. 
10, Streptomyces is the best characterized member of actinobacteria which is also 
being widely used as an industrial strain for production of more than 50% of com-
mercial antibiotics along with other types of secondary metabolites such as enzyme 
inhibitors, antifungals, or antitumor agents (Blum et al. 1973; Reading and Cole 
1977; Brautaset et al. 2000; Myles 2003). Due to the broad range of research focus 
to this genus for a long time, search for novel product or potential within this genus 
does not have much to give. This is of course not true for the newly discovered taxa 
within this genus as well as the cases in which we are looking for a novel com-
pound in previously studied Streptomyces and also performing genome mining on 
newly published genome sequences of studied streptomycetes. In this regard, 
Table 12.2 shows the recent genome mining efforts within Streptomyces genus in 
which the discovered metabolites are not necessarily validated experimentally but 
rather show the importance of the approach in finding new metabolites.

Table 12.2 Current genome mining studies on Streptomyces species

Streptomyces species Metabolites/potentials Reference

Streptomyces exfoliatus 
UC5319 and Streptomyces 
arenae Tü 469

Cytochrome P450s, CYP-161C3, and 
CYP161C2, responsible for the final step in the 
biosynthesis of the sesquiterpenoid antibiotic 
pentalenolactone

Zhu et al. 
(2011)

Streptomyces sp. MA37 Fluorinase beneficial in fluorination 
biotechnology

Deng et al. 
(2014)

Streptomyces collinus Tü 
365

PKS, NRPS, PKS-NRPS hybrids, lanthipeptide, 
terpenes, and siderophores

Iftime et al. 
(2016)

Streptomyces 
wadayamensis A23

Antibiotic biosynthetic pathways Angolini et al. 
(2016)

Streptomyces sp. TP-A0356 Polyketide synthases and nonribosomal peptide 
synthetases

Komaki et al. 
(2015)

Streptomyces 
marokkonensis M10

PKS, NRPS, PKS-NRPS hybrids, a 
lanthipeptide, and terpenes

Chen et al. 
(2016)

Streptomyces sp. strain 
CFMR 7

Two latex-clearing protein (lcp) genes Nanthini et al. 
(2015)

Streptomyces sp. Tü 6176 Nataxazole biosynthesis pathway Cano-Prieto 
et al. (2015)

Streptomyces ambofaciens 
ATCC 23877

PKS, NRPS, PKS-NRPS hybrids, and terpenes Aigle et al. 
(2014)

Streptomyces citricolor Germacradien-4-ol and (−)-epi-α-bisabolol 
synthases which reveal terpene diversity

Nakano et al. 
(2011)
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Concentrating the post-genomic strategies to discover these potentials is 
shown to be greatly beneficial if being performed more efficiently on less-
explored non- Streptomyces (or rare) actinobacteria such as members of the gen-
era Actinoplanes, Micromonospora, Microbispora, Salinispora, Actinomadura, 
Amycolatopsis, Kibdelosporangium, Kitasatospora, Saccharopolyspora, 
Planomonospora, Planobispora, etc. (Lazzarini et al. 2000). There have been 
genome mining studies in these bacteria due to the availability of the completed 
genome of several rare actinomycetes. For instance, the 8,212,805 bp-genome 
of Saccharopolyspora erythraea which is currently being used for the indus-
trial-scale production of the antibiotic erythromycin has been analyzed for its 
secondary metabolism showing more than 20 novel-predicted secondary metab-
olites (Oliynyk et al. 2007). Salinispora tropica – a marine actinobacterium – is 
another example on which genomic analysis has been done within which several 
previously non-observed products were predicted through genome mining from 
polyketides to pigments and a class I bacteriocin. Members of the genera 
Frankia, Nocardia, and Rhodococcus have been also analyzed, and different 
novel secondary metabolites (mostly nonribosomal peptides in Rhodococcus 
jostii RHA1) have been identified. Table 12.3 lists some of genome mining stud-
ies among rare actinobacteria.

In this regard, increasingly, the genome mining approach to discover sec-
ondary metabolism is being performed simultaneously with whole genome 
sequencing. Although different manual strategies are being implemented 
through genome mining such as multiple-sequence alignment and search for all 
the potential gene clusters for secondary metabolites in dozens of newly 
sequenced genomes, automatic algorithms and more user-friendly in silico 
 procedures are greatly desired. There are tools developed to automatically per-
form efficient genome mining process which focuses on a specific group 
of secondary metabolites such as the semiautomated ClustScan (Starcevic et al. 
2008), SMURF tool for fungal secondary metabolite biosynthesis gene clus-
ters (Khaldi et al. 2010), and SBSPKS (Anand et al. 2010) and NP.searcher (Li 
et al. 2009) for PKs and NRPs. However, among these tools, antiSMASH (anti-
biotics & Secondary Metabolite Analysis Shell) can be implemented via a 
web server and stand-alone tool to automatically perform the genomic identifi-
cation and analysis of biosynthetic gene clusters (BGCs) of any type in bacte-
rial and fungal strains (Weber et al. 2015). The pipeline integrates the 
identification of gene clusters along with the chemical structure prediction 
which is of great importance. The tool is recently being widely used to discover 
actinobacterial BGCs from the draft or complete genomes published 
from these bacteria (Yamamura et al. 2014; Horn et al. 2015; Santos et al. 
2015) and is promising for efficient genome mining projects performed on 
actinobacteria.
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12.3  Systems-Level Approaches

The primary goal of systems biology is to study the systemic properties and dynamic 
interactions of a biological object. This is performed through the integration of the 
huge experimental data available in biology, with mathematical modeling of the 
biological object (e.g., a cell) in the form of a network, since cells are made up of 

Table 12.3 Predicted metabolite types within non-Streptomyces actinobacterial genomes

Non-Streptomyces actinobacteria Predicted metabolite type Reference

Saccharopolyspora erythraea 
NRRL2338

Nonribosomal peptides (NRPs) Oliynyk et al. (2007)

Lanthionine-containing peptide

Aromatic polyketide

Siderophores

Polyketides (PKs)

Salinispora tropica CNB-440 Class I bacteriocin Udwary et al. (2007)

Carotenoid pigment

Yersiniabactin-like siderophore

Polyketide

Coelibactin

Actinoplanes sp. SE50/110 NRPs Schwientek et al. 
(2012)Polyketides

PK-NRP hybrid

Salinispora arenicola CNS-205 PK-NRP hybrid Udwary et al. (2007)

Class I bacteriocin

Polyketide

Carotenoid pigments

Macrolide

Siderophore

Rhodococcus jostii RHA1 Several NRPs McLeod et al. (2006)

Polyketides

PK-NRP hybrid

Amycolatopsis orientalis 
HCCB10007

Polyketides Xu et al. (2014)

PK-NRP hybrid

Terpenoids

Lycopene

Carotene

Kibdelosporangium 
phytohabitans KLBMP 1111

Several NRPs Qin et al. (2015)

Polyketides

Hybrid NRPS-PKS

Bacteriocin

Planomonospora sphaerica 
JCM9374

Lanthionine-containing peptide Dohra et al. (2016)

Nonribosomal peptide

Bacteriocin
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many chemical components which form networks through their interactions. These 
networks, thus, have their “nodes” being the chemical components and many “links” 
describing the interaction of the nodes.

A cell comprises different kinds of networks on the basis of the nature of its nodes 
and links as well as the specific major function they perform. For instance, metabolic 
network is a network including metabolites as nodes interacting via enzymatic reac-
tions as the links. Other assumed biological networks can be named as gene regula-
tory network, signaling network, protein-protein interaction (PPI) network, and 
more comprehensively, the integrative or whole-cell network which is constructed 
based on the integration of the data of all possible networks and their interactions 
which gives a more realistic view of a cell. However, due to the great complexity of 
a cell, the mathematical calculations for modeling and analysis such networks with 
high accuracy would be challenging and are yet to be perfectly addressed.

By the way, the first step of conducting a systems-level study on an organism 
requires an accurate modeled network of interest which itself demands sufficient 
experimental data as well as data derived from the whole genome of the biological 
system being studied. This is due to the fact that the information of almost all func-
tions of a cell can be investigated and predicted from the genome data. Therefore, 
having sufficient omics data, one can think of having a modeled biological network 
to start the systems-scale analysis. Apparently, this is achieved through high-quality 
mathematical algorithms and pipelines performed by computational tools.

Herein, an overview of systems-scale approach to actinobacteria is being dis-
cussed to summarize the current progress in the field and elucidate the future path. 
Due to the diverse metabolic and application potentials of these bacteria which have 
been reviewed in Chap. 10, systems-level study of such bacteria would greatly 
enhance the resolution of our knowledge about them as well as a rational strategy to 
improve their potentials as biotechnologically favorable cell factories.

12.3.1  Metabolic Model Analysis

Since secondary metabolites are not involved in the growth of the host cell, it is 
produced in the scale of μg to mg/L which is sufficient for giving the strain a kind 
of selective advantage. On the other hand, industrial production of these compounds 
must be in the scale of g/L, and thus, the natural amount of secondary metabolites 
is much far from being industrially relevant. Classically, there have been different 
strategies implemented for strain improvement, such as screening for the highest-
producing wild strain or performing random mutagenesis or protoplast fusion and 
then select the overproducing strain. However, by the introduction of recombinant 
DNA (rDNA) technology in 1972, the microbial biotechnology has been revived 
due to its capability of directed mutagenesis to improve the yields. The advance-
ment of this technology has also allowed the emergence of the field of metabolic 
engineering.

Generally, in the era of rDNA technology, a secondary metabolite has been 
overproduced by deregulating the enzymatic pathway directly associated with its 
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biosynthesis, or it was performed by cloning the genes of the metabolite biosyn-
thesis in a robust host organism such as Escherichia coli. Although higher yields 
were achieved for many metabolites through this strategy, the approach was not 
always successful due to the concept of metabolic network rigidity. This phenom-
enon is defined by the fact that there are strict mechanisms for controlling enzyme 
activity which has been evolved in order to maintain the carbon flux distribution 
in a way which is optimal for the growth of the organism. However, we must radi-
cally redirect the carbon flux distributions at key branch points in the primary 
metabolism, such as in glycolysis or pentose phosphate pathways as well as tricar-
boxylic acid (TCA) cycle to obtain the objective target of increasing yields of a 
specific secondary metabolite. Therefore, due to this nonlinear and complex 
nature of the metabolic control architectures, some other systemic insights must 
be gained rather than merely being able to perform rational genetic manipulations 
(Tethnol et al. 1984; Stephanopoulos 1999). Accordingly metabolic engineering 
has been introduced in the late 1990s to overcome the problem by genetic modifi-
cation of a specific node in the primary metabolism for the purpose of enhancing 
the yield and productivity by enhancing the precursor supply, reducing flux toward 
competing pathways or unwanted by-products, overexpression of bottleneck 
enzymes, as well as amplifying the target gene cluster or heterologous expression 
of the whole biosynthetic pathway (Zabala et al. 2013; Bilyk and Luzhetskyy 
2016). Mostly, a combination of these strategies can result better outputs. For 
instance, the production of mithramycin, a polyketide antitumor compound pro-
duced by Streptomyces argillaceus, was enhanced via metabolic engineering 
through multiple strategies: overexpressing either the phosphoglucomutase gene 
or the acetyl-CoA carboxylase gene in order to enhance the intracellular concen-
trations of glucose-1-phosphate and malonyl-CoA, respectively, as precursors as 
well as inactivating ADP-glucose pyrophosphorylase and acyl-CoA:diacylglycerol 
acyltransferase which also lead to the increase of the mentioned precursors. The 
study showed that each single alteration has led to the increase in mithramycin 
production; however, the combination of different strategies was the best for 
increasing mithramycin production (Zabala et al. 2013).

Due to the importance and variety of primary and secondary metabolism in acti-
nobacteria, these bacteria were of the primary choices which undergone metabolic 
engineering approach, among which Corynebacterium glutamicum was of the very 
first actinobacteria, metabolically engineered to enhance its amino acid production 
(Ikeda and Katsumata 1992; Ikeda et al. 1993; Vallino and Stephanopoulos 1993). 
Table 12.4 lists other metabolically engineered actinobacteria for the improvement 
of productivity and yield.

It is important to note that the main step of performing this metabolic engineering 
approach is to elucidate the set of integrated pathways used in the biosynthesis of the 
interested metabolite to further analyze the flux distribution within these pathways. 
Metabolic flux analysis was performed using in vivo experimental methods such as 
isotope labeling to track the flux (Stephanopoulos 1999). Via this strategy, cells are 
cultivated using, e.g., 13C isotope substrates, and then the distribution of isotopes in 

N. Poorinmohammad and J. Hamedi



385

the metabolites is measured by analytical methods such as GC-MS or 13C-NMR 
which is further analyzed using computational algorithms to find intracellular fluxes. 
Metabolic engineering can then be performed via analysis of the output. However, an 
inherent problem with this strategy is the high cost and the expertise needed to per-
form the experimental procedures (Woolston et al. 2013). Accordingly, there are cur-
rently purely computational methods by which the flux analysis can be performed 
along with giving metabolic engineering a more holistic view with lower costs and 
time via the introduction of genome-scale metabolic model reconstructions and its 
further analysis strategies such as flux balance analysis (FBA) which are totally per-
formed in silico. Therefore, systems biology is currently playing a crucial role in 
metabolic engineering by altering the metabolic flux distribution within an interested 
organism based on systematic strategies. Accordingly, with multiple microorganisms 
being sequenced, the reconstruction of a genome-scale metabolic model to gain com-
prehensive insight into microbial physiology is getting important.

As discussed before, the development of high-throughput techniques for deci-
phering genomes, transcriptomes, proteomes, and metabolomes together with com-
putational tools and algorithms has paved the way for the emergence of systems-level 
concept in biology. Having this information, the interactions of biomolecules can be 
explored and used to model the network in which they work together. In this regard, 
reconstruction and study of metabolic networks using the genome and metabolome 

Table 12.4 Some of the important metabolic engineering tasks on actinobacterial species for 
yield improvement

Actinobacteria Target metabolite
Metabolite 
activity

Yield 
increase Reference

Streptomyces argillaceus Mithramycin Antitumor 229% Zabala et al. 
(2013)

Streptomyces venezuelae Tylactone Antibiotic Tenfold Jung et al. 
(2014)

Streptomyces roseosporus Oxytetracycline Antibiotic Tang et al. 
(2011)

Corynebacterium 
glutamicum

Triacylglycerols Nutritional 
lipid

Amycolatopsis sp. strain 
ATCC 39116

Vanillin Flavor Fourfold Fleige et al. 
(2016)

Streptomyces coelicolor Actinorhodin Antibiotic Sixfold Ryu et al. (2006)

Streptomyces coelicolor 
M512

Elloramycin Antibiotic 8–26-fold Freitag et al. 
(2006)

Saccharopolyspora 
spinosa

Spinosyns Insecticidal 7.44–
8.03-fold

Jha et al. (2014)

Streptomyces clavuligerus Clavulanic acid Antibiotic Twofold Li and Townsend 
(2006)

Streptomyces peucetius Doxorubicin Antitumor Fourfold Niraula et al. 
(2010)
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data and in order to reveal the systems behavior of metabolism enable us to ratio-
nally manipulate these interactions for improving the strain in a desired way.

Currently, genome-scale metabolic models are generally reconstructed using the 
gene annotation data coupled with information about the reactions from available 
databases which attribute the known phenotype-genotype relationship to the genome 
of interest, and then this set of attributed reactions is converted to mathematical 
representation to achieve a computationally analyzable model. The overall work 
flow for genome-scale metabolic model reconstruction is depicted in Fig. 12.2.
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If the reconstructed models are proved to be accurate enough after relevant vali-
dations, the models can be efficiently used to study the systems behavior of the 
metabolism and find hotspots whose manipulation will result in the improved phe-
notype of interest (Oberhardt et al. 2009). Accordingly, the mathematical func-
tional model will be implemented to perform often a linear programming procedure 
to find the optimal solution to our biological problem which is called an objective 
function. In the case of industrially important actinobacteria, the objective function 
could be maximizing the yield and productivity of a desired production and also 
growth rate of the strain, as well as minimizing the growth rate in case of patho-
genic actinobacteria, although, the global analysis and study of the topological 
properties of the network can be also helpful especially in comparative studies. The 
optimization through this approach is mainly performed via a fully computational 
method called FBA. FBA calculates the flow of metabolites through the recon-
structed metabolic network using defined constraints, and thus the maximum or 
minimum flow of metabolites can be calculated. Growth rate can also be analyzed 
through this method by introducing a reaction called biomass reaction to the model 
(Orth et al. 2010).

After the comprehensive computational analysis, strain improvement can be 
performed. This process being regarded to as “systems metabolic engineering” is 
being increasingly used in microbial biotechnology to enhance secondary metabo-
lite production and development of cell factories, understanding the biology of 
microorganisms in systems level or finding drug targets in terms of pathogenic 
microorganisms.

Since actinobacteria comprise both pathogenic and biotechnologically impor-
tant strains, the systems metabolic engineering can greatly help in all mentioned 
fields. In the past 10 years, multiple actinobacterial metabolic models have been 
reconstructed and implemented for systems metabolic engineering. Among these 
efforts, systems metabolic engineering of Corynebacterium glutamicum to enhance 
the production of amino acids has shown great promises such as achievement of up 
to 120 g/L lysine production (Becker et al. 2011). Another widely studied applica-
tion of systems metabolic engineering in actinobacteria is to enhance antibiotic 
production especially in Streptomyces species (Kim et al. 2014). Table 12.5 lists 
the actinobacterial members whose genome-scale metabolic models have been 
reconstructed as of August 2016, along with the relevant application of the meta-
bolic model analysis.

As mentioned before, there are currently more than 550 actinobacterial genomes 
available using which genome-scale metabolic models can be reconstructed at least 
those which have been studied in terms of physiology and metabolism. With the 
great pace in this era of research, it is predicted to have more metabolic models of 
actinobacteria by which the systems-level optimizations for biotechnological pro-
ductions can be performed more feasibly.
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Table 12.5 Actinobacteria with reconstructed genome-scale metabolic network

Actinobacterial species
Model main 
application Strategy Reference

Saccharopolyspora 
erythraea

Enhancing 
erythromycin 
production

Maximizing growth rate 
in a constraint glucose 
uptake rate

Licona- 
Cassani et al. 
(2012)

Mycobacterium 
tuberculosis

Study the 
metabolism during 
infection

Predictions of gene 
essentiality to identify 
drug target candidates

Beste et al. 
(2007)

Streptomyces coelicolor 
A3(2)

Antibiotic 
production

Maximizing antibiotic 
production rate under 
limited glucose 
consumption rate and 
constrained biomass 
formation rate

Kim et al. 
(2014)

Rhodococcus erythropolis Bioremediation and 
fuel desulfurization

Simulate growth in the 
absence of one component 
at a time to define 
minimal medium

Aggarwal 
et al. (2011)

Corynebacterium 
glutamicum

Amino acid 
production

Maximizing for lysine 
production and 
constraining biomass 
production at different 
levels

Kjeldsen and 
Nielsen 
(2009)

Salinispora tropica 
CNB-440

Study strain-specific 
adaptation

Determine growth rates 
for each medium 
condition one at a time to 
predict the strain’s 
capacity to use a range of 
compounds as nutrients 
under minimal conditions

Contador 
et al. (2015)

Bifidobacterium 
adolescentis L2-32

Study gut microbiota 
interactions

Maximizing growth in 
different carbon sources

El-Semman 
et al. (2014)

Streptomyces clavuligerus Antibiotic 
production

Gene knockout simulation 
under minimal medium 
condition

Medema 
et al. (2010)

Streptomyces lividans 
TK24

Heterologous 
protein production

Minimization of the total 
sum of absolute fluxes and 
the number of nonzero 
reactions and 
maximization of ATP 
yield per flux unit

D’Huys et al. 
(2012)

Streptomyces roseosporus Daptomycin 
production

Maximization of 
daptomycin biosynthesis 
rate and specific growth 
rate

Huang et al. 
(2012)
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12.3.2  Other Biological Network Analysis

The expression and transcription of enzymes responsible for the production of 
metabolites and advancement of the metabolic pathways are strictly regulated via 
various regulation procedures to maximize species competitiveness, and thus, the 
output is not always favorable for industrially relevant production. Moreover, regu-
latory mechanisms are interesting targets for therapeutic applications in the case of 
pathogenic bacteria. Therefore, understanding the regulatory mechanisms of bacte-
ria in a systems view can perfectly complement the metabolic model analysis and 
engineering.

In bacteria, the transcriptional regulation is the most dominant gene regulation 
strategy for secondary metabolism where the regulation of sets of genes is coordi-
nated by an operator which results in the operon organization in the bacterial 
genomes. These operons and genes can be under control of the same set of tran-
scription factors (TFs) which then are called regulons (Liu et al. 2016). To study the 
mechanism of transcriptional regulation systematically, we need to identify these 
regulons and their relevant TFs which can lead to the construction of transcriptional 
regulatory network of the bacteria. To perform a genome-scale transcriptional regu-
lation network modeling, after collecting the TF repertoire of the organism of inter-
est via comparative genomics (required the whole genome) or proteomics assays 
(can be performed experimentally through high-throughput (HT) techniques or by 
performing literature survey), the transcription binding site relevant to each TF is 
also analyzed, and the overall network is graphically visualized using appropriate 
tools. There are also automated tools which computationally perform these steps as 
well as the regulon prediction such as PePPER (de Jong et al. 2012), RegPrecise 
(Novichkov et al. 2012), etc. After the integration of complementary data such as 
regulatory RNAs and completion of the final network which enhances the quality of 
the network, it can be converted to a mathematical model (as seen in the previous 
section) in order to make it computer readable and perform different analysis com-
putationally. Moreover, these data can be mapped and integrated into metabolic 
models to improve model predictions and performance (Faria et al. 2014).

Although the field is much younger than metabolic modeling among actinobac-
terial members, there are species studied for their transcriptional regulatory net-
works such as Corynebacterium glutamicum (Schröder and Tauch 2013), 
Mycobacterium tuberculosis (Balázsi et al. 2013), and Corynebacterium jeikeium 
K411 (Barzantny et al. 2012). The main application of these regulatory networks in 
the near future is believed to be mainly in activating silent BGCs especially among 
actinobacteria which comprise various yet-to-be-discovered secondary metabolites. 
Through systems understanding of the regulation on these BGCs, further strategies 
can be designed to activate the expression of these clusters which will lead to novel 
natural product discovery.

12 Post-genomic Studies and Systems Biology of Actinobacteria: A Brief Overview



390

As a post-genomic era interest, the thorough knowledge of interactions between 
proteins in a given cell, whether direct or indirect, can provide a comprehensive 
description of cellular functions. For instance, the systematic study of signal trans-
duction is greatly dependent on the investigation of the interactions among its con-
tributed proteins. Protein-protein interaction (PPI) analysis is also helpful in 
studying the metabolism as in many biosynthetic processes enzymes interact with 
each other to produce their products.

Studying this phenomenon in systems level requires the construction of PPI net-
work which gives the deep insight to the biological detail of such procedures. 
Studying the way in which one protein recognizes and binds to another protein in 
order to regulate its function in a holistic manner is helpful especially for drug target 
discovery and better understanding of the biological process behind the pathogenic-
ity and virulence pathways. Therefore, not surprisingly, the PPI network study 
among actinobacteria is mostly performed on the pathogenic members such as 
Mycobacterium tuberculosis. Although sporadic data on the interaction between 
small number of actinobacterial proteins can be found in PPI databases such as 
STRING (Franceschini et al. 2013), the M. tuberculosis is the only actinobacterium 
whose PPI network is constructed based on HT method of bacterial two-hybrid and 
is available for further analysis specially the studies with their aim being on drug 
target discovery (Wang et al. 2010). Accordingly, similar data must be generated for 
biotechnological procedures using which the study of functional cellular metabo-
lism in protein level can gain deep insights for the optimization of the strain and its 
production potentials.

It is important to note that implementing any type of HT data and their integra-
tion to biomolecular networks of the interested bacteria would greatly enhance the 
research vision as it gives a more realistic picture of the organism but is the yet-to- 
be-performed strategy on actinobacteria since there are limitations in accessing the 
HT omics data of these bacteria in comparison to bacterial model organisms such E. 
coli or B. subtilis.

12.4  Future Perspective

The systems-level research still covers a very small fraction of actinobacterial stud-
ies especially in the field of regulatory and integrative biomolecular network recon-
struction and analysis. Although there is a great interest and output lie in performing 
such studies, it should be kept in mind that there is no other solution than perform-
ing HT experiments in order to yield sufficient high-quality data required for net-
work reconstruction. Moreover, literature survey and text mining are of great 
importance when a high-quality model is desired.

All in all, an apparent shift from a component-based perspective to a systems- 
level view of biological systems is occurring which is the result of our ability in 
extensively producing HT data. Actinobacterial research is not an exception in 
this matter. Due to their great importance in key biotechnological productions as 
well as critical roles in medical bacteriology in the future, network 
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reconstructions and systems-scale study of these organisms are expected to domi-
nate the research and industry resulting in a comprehensive rational design of cell 
factories as well as therapeutic strategies. Accordingly, the integrative biomolecu-
lar networks which comprise at the same time, metabolome, transcriptome, pro-
teome, and even signaling and regulating small molecules are the favorable type 
of network to be analyzed which undoubtedly will become available due to the 
accelerated pace of HTdata generation and computational tools. Finally, it is 
important to remind that actinobacterial post-genomic research and systems-level 
studies depend strongly on more HT data to be able to efficiently step into this 
field with promising outputs.
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