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1.1 General characteristics of Streptomyces 

1.1.1 Actinomycetes phylogeny 

  Actinomycetes are gram positive bacteria with high GC content ranging from 

54% (Corynebacterium) to 70% (Streptomyces) belonging to class Actinobacteria and 

order Actinomycetales. Actinomycetes mainly inhabit soil or aquatic ecosystem (1, 

2). The Actinobacteria phylum includes Bifidobacterium, Mycobacterium, 

Corynebacterium and Streptomyces with morphology ranging from cocci to 

filamentous form (3). The unique molecular characteristics of Actinobacteria are 

presence of 100 nucleotides between helices 54 and 55 of 23S rRNA gene (4).  

The two important traits of Actinomycetes which place them in scientific 

focus are the study on development and differentiation and secondary metabolite 

production (5). 

1.1.2 Streptomyces 

Streptomyces are abundantly present in soil and contribute significantly to 

degradation of dead plants and animals. They can effectively degrade insoluble 

polymers like protein, starch, chitin cellulose and xylan by forming immovable 

substrate mycelium and secreting various extracellular hydrolytic enzymes (6). The 

group of Streptomyces is strictly aerobic which forms differentiating hyphal growth 

and spore chains.  Type I cell wall is common among Streptomyces having LL-

Diaminopimalic acid in peptidoglycan composition and phosphatidiletanolamine 

phospholipid in cell membrane (CTT1) (7, 8). The very important and noticeable 

characteristics of Streptomyces are their ability to produce secondary metabolites with 

diverse biological activities. Streptomyces is considered as microbial factory for 

production of wide array of metabolites with many important applications for 

humankind like immunosuppresants, anti cancer compounds and antibiotics (9, 10).  

1.1.3 Genetic Characteristics of Streptomyces 

Streptomyces comprises of linear chromosome with size ranging from 8 to 10 

Mb which is among the largest bacterial genomes. S. coelicolor being the best studied 

Streptomyces and model organism for antibiotic production. The first fully sequenced 

Streptomyces is S. coelicolor harboring 9.05 Mb of chromosome with 72% GC 

content, 8300 putative genes and 8153 putative proteins (10). As Streptomyces 

genome has high GC content the codons ending with T or A are rarely found (11). 
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The extremes of the chromosome presents number of inverted and repeated sequences 

also called TIR (Terminal Inverted Repeats) of size ranging from 24 to 600 kb also 

there is presence of direct repeats, insertion and transposable elements (12). This 

feature is cause of high genetic instability displayed by Streptomyces species. Hence 

Streptomyces are known to undergo major spontaneous mutations that include 

chromosome amplification or deletions or appearance of instable circular forms which 

are more instable than linear ones. 

The genome sequence of S. coelicolor revealed that Actinomycetes carry 

much more genetic potential for natural products than those detected in laboratory 

conditions. Many of the gene clusters are ‘Cryptic’ in nature that means they are nor 

transcribed under laboratory conditions rather a trigger can activate such clusters (13). 

By means of genome mining the potential new molecules can be figured out and 

isolated. In last decades natural product research on Actinomycetes has been 

revolutionized by Next Generation Sequencing. In NCBI database good number of 

sequenced and annotated genomes can be found. The analysis of genomic 

organization of Streptomyces revealed that genes associated with primary metabolism 

are located in center of chromosome (10, 14). The extremities include genes related to 

adaptive responses to surrounding media i.e. genes for secondary metabolite 

biosynthesis. In core genes there is high degree of synteny but at the extremities there 

are few or no orthologues or low synteny (10, 14, 15). The secondary metabolite 

biosynthetic cluster can be found at extremities or out of core. The most common 

genes found are encoding proteins for the structure of the biomolecule, protein 

involved in intrinsic resistance of the compound, regulators which control 

transcription of gene cluster.  

Along with chromosome in Streptomyces extra-chromosomal elements in form 

of linear or circular plasmids can be found out which include necessary elements to be 

transferred by conjugation to other microorganism (16). Some plasmid contains 

biosynthetic gene cluster, some plasmids also bear mobile genetic elements and 

conjugative transposon (17, 18). Presence of transposon is common feature of 

Streptomyces. Moreover, certain bacteriophage called Actinophage with double 

stranded DNA can infect and integrate in the chromosome of Streptomyces  (16). 
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1.1.4 Life Cycle of Streptomyces 

The life cycle of Streptomyces is complex resembling to fungi, as it combines 

stages of hyphal growth and differentiation with formation of spores which are non-

motile unigenomic with thick cell walls resistant to dry and acidic environment. The 

life cycle begins when under favorable condition spore germinates germ tube, 

develops and grows apically into hyphae which undergo branching in order to explore 

nutrients. Finally vegetative mycelium results from intricate network of branched 

multi-chromosomic hyphae. When there is nutrient exhaustion in the surrounding 

medium along with other environmental signals vegetative mycelia undergoes 

morphological differentiation to generate white colored mycelia called as aerial 

mycelium. This process is accompanied with massive cell lysis called autolysis which 

provides necessary nutrients for morphogenesis (19). Along with morphological 

differentiation there is onset of antibiotic biosynthesis. When aerial mycelia stop 

growing aerial hyphae start forming multiple septa which gives rise to unigenomic 

spores which can in turn start the life cycle once again (Fig. 1.1) (20). 

 

Figure 1.1 Life cycle of Streptomyces 

(Adapted from http://home.hiroshima-u.ac.jp/mbiotech/hosenkin_lab/Fig 

(Stre)/Fig(Stre)3E.jpg) 
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1.1.5 Different phases of growth of Gram positive bacteria - Streptomyces  

Streptomyces is considered to be multicellular prokaryotic model as it 

undergoes sporulation and programmed cell death (PCD). According to recent 

advances it is clear that the development of Streptomyces is different in solid and in 

liquid media. On solid media like R2YE and soyabean manitol, Streptomyces 

undergoes sporulation phase. According to traditional view, as described above on 

solid media, once the spore germinates it gives rise to viable vegetative mycelia called 

as substrate mycelia which grows on and under the surface of agar until it get 

differentiated into reproductive aerial mycelia which grows in the air, producing 

spores at the end of cycle (21). The basic understanding of the developmental 

programme on solid media is progressed in recent years, in terms of stages preceding 

aerial mycelium formation and sporulation. According to the new advancement, some 

compartmentalized mycelium (MI) dies early on by highly ordered programmed cell 

death. Consequently, remaining viable cells forms multinucleated second mycelium 

with sporadic septa (MII) (22, 23) (Fig. 1.2). This MII grows in the culture medium 

called as substrate mycelium until it initiates expression of hydrophopbic cover and 

grows into the air (aerial mycelium) and ends by forming spores. This MII stage 

produces antibiotics and sporulates on solid media (Fig. 1.2). It is reported that there 

is second round of programmed cell death prior to sporulation which affects substrate 

and aerial mycelium. These stages are now considered general to all 

Streptomyces genus. It is noteworthy that proteins involved in primary metabolism 

(protein synthesis, Kreb cycle, and energy production) are more in MI and proteins 

involved in secondary metabolism (actinorhodin and type II polyketide biosynthesis, 

β-lactamases, epimerases) are up-regulated in MII according to proteomics study.  

 

Figure 1.2 Developmental cycle of Streptomyces in solid and liquid cultures - MI-first 

compartmentalized mycelium, MII-second compartmentalized mycelium, PCD- 

programmed cell death [Image imported from reference(24)] 
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1.1.6 Differentiation in liquid culture 

Majority of Streptomyces species do not sporulate in liquid culture moreover 

morphological changes do not occur in these conditions (25-29). There are few 

exception to this, there are reports where some species like S. venezuelae (30), S. 

griseus (31), S. chrysomallus (32), S. antibioticus ETHZ7451 (33), S. albidoflavus 

SMF301 (34), or S. brasiliensis (35) were found to sporulate in liquid medium. In 

liquid medium, after transient growth arrest substrate mycelium starts producing 

secondary metabolites. In model organism, S. coelicolor in response to nutritional 

shiftdown sporulation is activated (36, 37). It is observed that similar to solid culture 

the developmental phases are MI (young compartmentalized mycelium) and MII 

(multinucleated mycelium). Because of PCD in MI there is transient growth arrest 

followed by emergence of MII (Fig. 1.2). Thus there are only two phases MI and MII 

without sporulation. Manteca et. al., (38) showed for the first time that MII is 

antibiotic producing mycelium. The longevity of MI is more in liquid media as 

compared to solid media. The proteomic (39) and transcriptomic (40) analysis 

revealed that the differentiation in solid and liquid medium is almost similar, MI is 

associated with primary metabolism and MII with secondary metabolism but non 

existence of sporulation and hydrophobic layer producing proteins. 

1.1.7 The programmed cell death in Streptomyces 

The studies done by Miguelez et. al., (41) and Manteca et. al., (42) 

demonstrate that programmed cell death occurs in Streptomyces where a death 

phenomenon is associated with development. Manteca et. al., (42), confirmed that 

there is existence of regulated active cellular suicide in Streptomyces, evidenced by 

altered membrane permeability, nucleic acid degradation and activation of 

degradative enzymes like nucleases. The proteomic studies by Manteca et al., (42) 

demonstrated that during PCD in S. coelicolor, there is abundance of cellular 

macromolecular degradation of proteins, stress induced proteins and regulatory 

proteins (39).    

1.1.8 New perspective on germination, hyphal growth and sporulation  

1.1.8.1 Germination 

 It has been found that spore germination involves “resuscitation promoting 

factor” (Rpf) which is specialized peptidoglycan hydrolases and is part of 
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peptidoglycan remodeling system (43). In S. colelicolor, Rpfs are well studied and it 

has been found out that one of the five Rpf is regulated at multilevel by nucleotide 

second messengers: transcription initiation, controlled by cAMP-binding protein 

previously associated with germination, riboswitch mediated transcription attenuation 

responsive to cyclic di-AMP and ppGpp dependent changing rates of proteolysis (44). 

1.1.8.2 Hyphal Growth 

The hyphal growth of Streptomyces occurs by tip extension through activities 

of protein complex called “polarisome”. The key component of this protein complex 

is, DivIVA. The recent research on hyphal growth indicates that there is deposition of 

glycan through action of cellulose synthase like protein (ClsA) and GlxA (a copper 

oxidase which oxidizes glycan as it is secreted) (45, 46). clsA and glxA controls 

synthesis of extracellular polysaccharides soon after germination (47, 48). A new 

locus matAB is responsible for formation of aggregation of germlings which forms 

mycelial clumps in submerged culture (49).  

1.1.8.3 Division of cytoplasm of vegetative hyphae into compartments 

The recent advances of microscopic technique suggest that cross-membranes 

generates mycelial compartments which can be cytosol permeable or impermeable 

and  provide plausible answer to question why hyphae of ftsZ null mutants do not die 

but can be fragmented and propagated. These cross membrane also created DNA free 

zones (24, 50, 51).  

1.1.8.4 Hydrophobic cover formation, septation and sporulation 

 Streptomyces differentiation was studied by analyzing mutant strains 

defective in morphological development. bld mutant blocked in development forms 

substrate mycelia on rich media but can’t produce antibiotic. bld gene products play 

important role in the regulatory cascade which triggers aerial mycelium formation. A 

special case is set of genes which encodes a leucyl-tRNAUAA. Only 2-3% of 

Streptomyces genes contain TTA codon (52). Majority of genes are involved in 

morphogenesis and secondary metabolism. Mutants blocked at later stages of 

development are called white or whi which can form aerial hyphae but can’t form 

spore chains and hence that don’t exhibit grey color of mature spores (53, 54). Recent 

findings suggest existence of ‘sky pathway’ which controls expression of rodlins and 

chaplin genes that encode proteins for surface hydrophobicity to aerial hyphae and 
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spores (19). Another well characterized differentiation process is of hyphal septation 

during sporulation. Multiple sporulation septa are produced in coordination with 

sporogenic aerial hyphae. Along the aerial hyphae, FtsZ is localized at regular sites 

along aerial hyphal wall during first step of sporulation specific cell division. Next, 

the proteins required for bacterial divisomes are directed to form Z ring (55). ParA 

and ParB controls segregation of DNA into prespore compartments and FtsK play role 

in completion process at the septum (56). After the septum formation, wall of spore 

compartments thickens and pigmentation occurs. By the poorly understood process of 

autolytic cleavage, mature spores are separated.  

1.2 Primary metabolism in Streptomyces 

Primary metabolism involves catabolic and anabolic reactions which results in 

increase in biomass i.e. the reactions harness energy and reducing power to synthesize 

building blocks of protein, nucleic acids, lipids, polysaccharides structural and storage 

materials. Similar to other bacteria Streptomyces also have network of central carbon 

metabolic pathways for efficient utilization of carbon to generate energy. The main 

pathways are glycolysis (or Embden-Meyerhof-Parnas pathway), pentose phosphate 

pathway (PPP), Entner–Doudoroff  pathway and tri-carboxylic acid cycle (TCA) .  

1.3 Secondary metabolism in Streptomyces 

‘Secondary metabolite’ term came in general use by Bu’Lock in 1961- a 

microbiologist, for the microbial products which do not fit in intermediary 

metabolism. They were termed as ‘secondary’ on the grounds that unlike the 

intermediates and cofactors which play essential role in cellular function, these 

substances have no apparent role in growth and reproductive metabolism.  Secondary 

metabolites have diverse chemical structure and are usually distinctive products of 

group of organisms or single strain. The best known secondary metabolite is 

antibiotic. In nature the role of this compound is survival benefit because of killing 

role of these compounds. The precursors for the synthesis of these compounds are 

obtained from primary metabolism like acetyl-CoA and malonyl-CoA leading to 

formation of polyketides, terpens, steroids and metabolites derived from fatty acids 

(57). Intermediates from shikimic acid pathway, TCA and amino acids can also serve 

as precursor for secondary metabolites. Secondary metabolite production is also 

tightly regulated involving induction, feedback regulation and catabolite repression. 
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In laboratory conditions, secondary metabolites are produced in growth phase 

dependent manner. The biosynthesis of secondary metabolite occurs in growth phase 

or developmentally controlled manner. Streptomyces undergo intermittently starvation 

and adaptation (58). During starvation metabolic stress is elicited, differentiating S. 

coelicolor adapts primary metabolism and starts developmental programme leading to 

morphogenesis and antibiotic biosynthesis. In nature certain environmental and 

biochemical signals triggers antibiotic biosynthesis.  

Streptomyces produces different class of antibiotics such as aminoglycosides, 

polyketides, non-ribosomal peptides, β-lactams and other antibiotics. This genus is 

best known as one of the polyketide producers. Polyketide contains alternating 

carbonyl and methyelene groups or derived from precursors containing these groups. 

Examples of polyketides produced by Streptomyces are rapamycin, oleandomycin, 

actinorhodin, daunorubicin and caprazamycin. Polyketides exhibit a broad range of 

bioactivities such as antibacterial (e.g., tetracycline), antifungal (e.g., amphotericin 

B), anticancer (e.g., doxorubicin), antiviral (e.g., balticolid), immune-suppressing 

(e.g., rapamycin), anti-cholesterol (e.g., lovastatin) and anti-inflammatory activity 

(e.g., flavonoids) (59-65). Biosynthesis of these polyketides is complex as the process 

involves multifunctional enzymes, polyketide synthases.   

1.3.1 Polyketide Synthases 

Successive condensation of short chain acyl-CoA results in polyketide 

biosynthesis through action of multi-function enzyme polyketide synthases (PKS) as 

fatty acid synthases (FAS) (66). PKS is divided into 3 main groups: type I, II and III. 

Type I PKS also known as modular PKS, are large multifunctional enzymes 

which include different domains with different catalytic activities grouped in 

modules. The main domains of PKS responsible for elongation cycle is called 

minimal module: acyl transferase (AT) which selects extender unit in successive 

condensation steps, β –ketoacyl-ACP-synthase (KS) catalyses decarboxylation 

condensation of new extender molecule in the growing polyketide chain and acyl 

carrier protein (ACP) which acts as carrier of the growing polyketide chain and 

presents it to adjacent enzymatic domain. Reduction state of keto groups are altered 

by domains like ketoreductase (KR) which reduces keto to hydroxyl group, 

dehydratase (DH) responsible for dehydration of enoyl groups, enoylreductase (ER) 
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which catalyses reduction of enoyl groups to alkane group. Along with elongation 

process, the polyketide chain is presented successively to different modules in the 

way that the module operates only once over the polyketide chain. The last module is 

released from polyketide chain by ACP-thioesterase activity (67). 

Type II PKS or iterative PKS are multienzyme complex, where different 

proteins interact with each other in the elongation of polyketide chain. Each PKS has 

3 enzymes for elongation of polyketide chain: KSa which presents KS and AT 

activities; KSb also called as chain elongation factor (CEF) which controls number of 

cycles of elongations and ACP. Enzyme with KR activity causes reduction of keto 

groups. Hence, molecules synthesized by this PKS are in more reduced state than by 

type I PKS. Cyclase and aromatase is mainly for aromatic ring formation (68-70). 

    Type III PKS are mainly found in plants even though many bacteria like 

Streptomyces own it. It is very different from above PKS. These enzymes are 

interacting KS homodimers which uses precursor molecules acyl-CoA in ACP-

independent way (71, 72).  

1.3.2 Types of polyketides 

Based on the chemical structure polyketides are of 3 types: aromatic, 

macrocyclic and polyether. Aromatic polyketides are synthesized by type II PKS. 

Starter and extender unit is mainly manonyl-CoA but acetyl-CoA, propionyl-CoA and 

isobutryl-CoA are also been reported. Examples of aromatic polyketides are 

actinorhodin and tetracyclin. 

Macrocyclic polyketides are sythesized by type I PKS and consists of large 

macrocyclic rings. They are further divided into polyene (contains two to eight 

conjugated bonds, eg. pimaricin and nystatin) and non-polyene (macrocyclic rings 

with 12 to 16 carbons and absence of conjugated double bonds, erythromycin).  

Polyether polyketide are synthesized by type I PKS and are linear molecules 

with polyene backbone that undergoes oxidative cyclization by epoxidase and epoxide 

hydrolase which generates ether bonds. Examples are Monensins A and B. 
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1.4  Regulation of antibiotic production 

The biosynthesis of each antibiotic produced by Streptomyces is specified by 

large gene cluster which includes regulatory genes. The regulatory systems in these 

organisms are highly conserved which governs organisms’ physiology, developmental 

states, population density and environment; these factors altogether determine the 

onset as well as the level of antibiotic production.   

1.4.1 Transcriptional regulation of antibiotic production 

The cluster situated repressors or activators which involve pleiotropic global 

regulators directly activate or repress the antibiotic biosynthesis gene cluster. A large 

number of regulatory proteins are involved in control of antibiotic production. 

Moreover cross regulation also occur leading to complex regulatory network to 

interpret the environmental signal and accordingly appropriate transcriptional 

responses are translated for antibiotic production along with developmental program. 

The well studies examples of cluster situated transcriptional regulators are actII-ORF4 

for actinorhodin biosynthesis, RedD controlling undecylprodigiosin biosynthesis and 

CdaR controlling calcium dependent antibiotic biosynthesis in S. coelicolor (73) and 

StrR regulates streptomycin biosynthesis in S. griseus. In many cases the regulators 

are responsive to small molecule signals. Regulators responsive to autoregulatory 

molecules such as ϒ-butyolactone are well studied for example, for regulation of 

antibiotics such as jadomycin, actionorhodin and simocyclinone biosynthesis (74-78). 

The complete regulatory network of activation of biosynthetic pathway was studied 

initially for streptomycin in S. griseus. AdpA (A factor dependent protein), is a 

pleiotropic regulator which activates transcription of StrR. The transcription of AdpA 

depends on ϒ-butyrolactone also known as A-factor (79-81). AdpA  is also involved 

in morphological differentiation (82, 83). AtrA is a pleotropic regulator of strR, for 

streptomycin biosynthesis and it has an orthologue in S. coelicolor which activates 

transcription of actII-ORF4 (84). Apart from AtrR many direct and indirect regulators 

regulating antibiotic biosynthesis have been identified. For instance, DasR, which 

controls uptake and metabolism of N-acetylglucosamine and degradation of chitin 

(85-87), AbsA2, which negatively regulates antibiotic production in S. coelicolor (88, 

89), AbrC3, a response regulator of two component system having two histidine 

kinases and a positive response regulator of antibiotic production in S. coelicolor (90, 

91) and Crp, a cyclic AMP receptor protein which mediate carbon catabolite 
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repression in E. coli and it also controls various cellular processes in different bacteria 

are found to be  important regulators of antibiotic production, spore germination and 

colony development in S. coeliolor (92-94). There is direct regulation of actII-ORF4 

by RelA, which is required for induction of stringent response during starvation (see 

below for detail). Streptomyces harbors large number of two component system (TCS) 

which regulate the secondary metabolism. For example phoRP TCS system play 

important role in controlling antibiotic production. AfsQ1/2 controls biosynthesis of 

ACT, RED, CDA in response to nitrogen limitation, DraRK TCS (nitrogen 

responsive) and OsdRK TCS (oxygen responsive) both are required for Act 

production.                  

1.4.2 Effect of amino acid limitation and ribosome mediated effect on antibiotic 

biosynthesis (effect of relA on antibiotic production) 

In E.coli the role of highly phosphorylated guanosine, ppGpp and pppGpp in 

growth rate control of gene expression and stationary phase gene expression is well 

recognized. In Streptomyces also several studies have noted correlation of ppGpp 

synthesis and antibiotic production (95). In E. coli, (p)ppGpp is synthesized when an 

uncharged tRNA binds to the acceptor site of translating ribosome from ATP and 

GTP by ribosome bound RelA. In Actinomycetes after amino acid starvation 

accumulation of (p)ppGpp was first demonstrated in S. hygroscopicus (96). 

Correlation between (p)ppGpp synthesis and antibiotic production and morphological 

differentiation was observed in many Streptomyces spp. (97, 98). As shown by Bibb 

et. al., relA deletion mutant of S. coelicolor failed to make antibiotics ACT and RED 

in medium dependent manner. In another studies by Martinez et. al., relA deletion 

mutant of different S. coelicolor strain led to loss of ACT production and no apparent 

effect on RED synthesis. The earlier study concluded that relA is required for 

antibiotic production under nitrogen limiting condition (99).  On the contrary, to the 

above observed phenotypes in S. clavuligerus, the relA null mutants showed antibiotic 

- clavulanic acid and cephamycin C overproduction (100). 

1.4.3 Phosphate regulation of antibiotic production  

Phosphate limitation in growing culture activates phosphate scavenging and 

induces growth transition preceding stationary phase and secondary metabolism. The 

two component system phoR-phoP is signal transduction system for phosphate control 
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in S. coelicolor and affects ACT and RED production influencing transcription of act 

and red genes (101). Similar effect on antibiotic production is also seen in S. rimosus 

(oxytetracyclin), S. lividans (ACT and RED), S. natalensis (pimaricin) and S. griseus 

(candicidin) (102-105). phoP regulon not only activate pathways for phosphate 

scavenging and cell wall polymer biosynthesis but also mediated transient shut down 

of central metabolic pathway of some secondary metabolic pathways and 

morphological differentiation. Further PhoP gets phosphorylated by phoR which is 

membrane bound sensor kinase which senses phosphate limitation further PhoP binds 

to specific sequence in target promoters for its expression. Some studies are contrary 

which shows that PhoP binds and represses promoter of afsS, encoding global 

activator of antibiotic production showing negative effect i.e. phosphate limitation 

activates ACT and RED production in phosphate limiting condition. In S. lividans on 

the contrary, the phoP deletion turns off ACT and RED production. This can be 

explained by many other genes affected by phoP including developmental genes 

(106).   

1.4.4 Regulation of secondary metabolism by nitrogen 

Nitrogen is essential for anabolism of amino acids, nucleic acids and other 

macromolecules. Ammonia, nitirite, nitrate, urea, amino sugars and amino acids are 

utilized as nitrogen source by Streptomyces. Streptomyces possesses regulatory 

system which enables them to adapt to nitrogen availability. It has been reported that 

the sources of nitrogen influence secondary metabolism. Nitrogen source which 

favors growth reduces production of secondary metabolite. GlnR is a global regulator 

which controls nitrogen metabolism, glnR null mutant of S. coelicolor exhibited 

blocked production of Act and Red (107-109). GlnR has also been shown to directly 

regulate synthesis of avermectin and oligomycin biosynthesis in S. avermitilis (110).  

1.4.5 Control of antibiotic production by carbon source    

The availability of glucose as carbon source promotes vegetative growth but 

suppresses morphological and chemical differentiation. Glucose represses Act 

production in S. coelicolor (111, 112), chloremphenicol in S. venezuelae (113), 

streptomycin production in S. griseus (114) and erythromycin production in 

Saccharopolyspora erythraea (115, 116). Carbon catabolite repression controls 

carbon utilization in Streptomyces as well for utilization of high energy carbon source 
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such as glucose, fructose and TCA cycle intermediates over lactose, glycerol and 

mannitol which are energetically less favourable. In S. peucetius, there is regulatory 

system which responds to glucose transport and metabolism and activated carbon 

catabolite repression (117). Glycolytic intermediates in growth media results in 

glucose repression of daunorubicin and doxorubicin biosynthesis in S. peucetius 

(118). Many antibiotics shows phase dependent control. For instance the bld mutants 

fail to produce antibiotic, they also exhibit defective CCR. Thus it becomes clear that 

there is link between regulation of carbon utilization and morphological 

differentiation. BldB is DNA binding protein mainly found in Actinobacteria, the 

paralogoues of the BldB in S. coelicolor found to play role both in antibiotic 

biosynthesis and development (119-121).        

1.4.6 Regulation of “cryptic polyketide” gene cluster 

The CPK (cryptic polyketide gene cluster) of S. coelicolor regulation involves 

gamma- butyrolactone (GBL) signaling molecule (SCB1) or its congeners (122, 123). 

The GBL autoregulators are membrane diffusible and accumulate in culture after 

certain concentration it binds to cytoplasmic protein and cause it to dissociate from 

end and there after derepresses promoters of target genes. Some Streptomyces 

autoregulators coordinate physiological changes across colony (124). 

  Part of the complex cluster-situated regulatory system for CPK biosynthesis is 

involved in cross talk with other antibiotic biosynthesis pathways and CPK 

biosynthesis is induced by entirely 3 different secondary metabolites (SCBs, Act and 

RED) through ArpA-like repressors. Phosphate response regulator (phoP) directly 

represses cpkO (biosynthetic gene of CPK cluster) and AfsQ1 activates promoter 

between biosynthetic genes cpkO and cpkD (123). 

1.4.7 Regulation of antibiotic production by N-acetylglucosamine 

As discussed above the autolysis of substrate mycelium provides nutrients for 

morphological differentiation and secondary metabolite biosynthesis (106, 125). 

During autolysis, the N-acetylglucosamine (GlcNAc) released in the medium is 

imported back and phosphorylated  by phosphotranferase transport system. After 

import the GlcNAc~P is deacetylated resulting in accumulation of GlcN~P, which 

serves as signaling molecule and bind to DasR and relieves repression of DasR target 

genes. DasR target genes include genes for PTS for GlcNAc uptake and phosphate 
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uptake system. Other downstream targets are CSR genes for ACT and RED. This is 

evidenced by addition of GlcNAc to solid medium causing stimulation of antibiotic 

production and development (126-128). The dasR mutants exhibited difference in 

expression of many genes including act, red and cpk clusters. 

1.4.8 Streptomyces Antibiotic Regulatory Proteins (SARPs) 

SARPs are CSRs encountered in S. colelicolor and other Streptomyces spp. 

and mainly associated with antibiotic biosynthesis gene clusters for example the actII-

ORF4 activates ACT biosynthesis (129), CcaR that activates the transcription of 

cephamycin and clavulanic acid biosynthetic gene clusters in S. clavuligerus (130). 

SARPs have N-terminal winged helix-turn-helix DNA binding motifs at 11 nucleotide 

spacing and an adjacent transcriptional activation domain which switches on 

expression of target antibiotic production genes (131). Many SARPs are less than 300 

residues long referred as small “SARPs” (actII-ORF4 and RedD), those around 600 

amino acids long are medium SARPs and other containing 1000 residues are large 

SARPs. The functional domains of SARPs include N-terminal SARP domain, central 

AAA domain (ATPase associated with diverse cellular activities) and conserved C-

terminal domain of unknown function. Streptomyces Antibiotic Regulatory Proteins 

(SARP) and Cluster Situated Regulator (CSR) encoded by cdaR activate cda 

biosynthetic genes. Two component regulatory genes absA1/absA2 regulates CDA 

biosynthesis where AbsA1 is membrane-located sensor histidine protein kinase and 

AbsA2 is the target which is a response regulator whose phosphorylation increases its 

binding efficiency to repression of the promoter of cdaR (132). 

1.5 Streptomyces flaviscleroticus: A producer of antibiotic 

chromomycin 

Streptomyces flaviscleroticus, a synonym for Streptomyces minutiscleroticus 

of the present study was first identified by Goodfellow et. al., in 1986 (133). S. 

flaviscleroticus was procured from Microbial Type Culture Collection Center, 

Institute of Microbial Technology, Chandigarh, India as Streptomyces sp. 275. The 

molecule produced by this organism has been characterized by HPLC, ESI-MS and 

by NMR to be yellow colored antibiotic chromomycin, an aureolic class of antitumor 

compound, aromatic polyketide in nature, synthesized by polyketide synthase cluster 

of genes (PKSII) (Fig. 1.3). It is used in-vitro as G/C specific fluorescent DNA 
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binding dye, as an antibiotic and in-vitro as anti cancer drug that inhibits RNA and 

DNA synthesis.    

The whole-genome of S. flaviscleroticus has been sequenced using Illumina 

platform NextSeq Illumina paired-end technology. The sequence has been deposited 

in Gene Bank at NCBI under the Accession no. MAZZ00000000. Streptomyces 

flaviscleroticus exhibits closest homology to Streptomyces minutiscleroticus. RAST 

annotation (Rapid Annotation using Subsystem Technology) shows that S. 

flaviscleroticus contains 3,071 characterized, 2296 hypothetical /putative and 1034 

proteins with pathway annotation. AntiSMASH online tool has been used to identify 

other secondary metabolite gene(s) present in the genome. AntiSMASH predictor 

identified full complement of genes for chromomycin A3 biosynthesis and also gene 

clusters for spore pigment biosynthesis, desferrioxamine B biosynthetic and ectoine 

biosynthesis.  

 

Figure 1.3 (A) S. flaviscleroticus producing yellow colored chromomycin on R2YE 

media incubated for 5 days; (B) Structure of chromomycin A3 (Figure source-Sigma) 

1.5.1 Chromomycin chemical structure and its mode of action 

Chromomycin belongs to an aureolic type of compound which contains 

tricyclic chromophore (aglycon) with two aliphatic side chains attached at C-3 and C-

7. The aglycon is synthesized when one acetyl-CoA get condensed with nine malonyl-

CoA units. The aglycons are further glycosylated by oligosaccharides of different 

chains sugar composition. Chromomycin and mithramycin both belong to same 

aureolic class of compound differs only in glycosylation patterns. Chromomycin A3 

contains a trisaccharide of D-olivose (sugar C), D-olivose (sugar D) and 4-O-acetyl-

L-chromose B (sugar E) and a disaccharide of 4-O-acetyl-D-oliose (sugar A) and 4-O-

methyl-D-oliose (sugar B) at positions 2 and 6 of aglycon respectively. The biological 
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activity of chromomcycin is mainly contributed by carbohydrate moieties. The DNA 

binding property is contributed by mainly acetoxy groups of sugar A and E by 

providing H bond with 2-amino groups of G bases and specificity of DNA binding. 

Chromomycin A3 binds reversibly to GC-specific DNA ligand in minor groove which 

inhibits transcription, DNA gyrase and topoisomerase II activity. Moreover it is 

potent inhibitor of RNA polymerase. The sugar moiety present in chromomycin 

structure responsible for its inhibiting RNA polymerase activity and to a lesser extent 

it is found to inhibit DNA polymerase [Deoxynucleoside triphosphate: DNA 

nucleotidyltransferase] reaction. 

1.5.2 Chromomycin biosynthesis 

Proposed pathway for chromomycin biosynthesis is depicted in figure 1.4. 

1.5.2.1 PKS genes:  

The backbone of chromomycin aglycon of 20 carbon polyketide is synthesized 

by 3 genes namely sflP (ketosynthaseI, KSα), sflK (ketosynthase II, KSβ) and sflS 

(Acyl Carrier Protein) which code for minimal PKS. The enzymes responsible for 

cyclization and aromatization processes are SflQ, SflX and SflY where sflQ codes for 

cyclase/aromatase for cyclization and aromatization of first ring, sflX and sflY are 

cyclases for fourth and second ring closure during chromomycin biosynthesis. Post-

polyketide genes are sflOI, sflOII and sflOIV involved in hydroxylation of aromatic 

polyketides (134).  

1.5.2.2 Genes involved in glycosylation 

Five deoxysugars are attached to the aglycon of chromomycin which are two 

D-olivoses, one 4-O-acetyl-L-chromose, one 4-O-acetyl-D-oliose, and one 4-O-

methyl-D-oliose. Genes involved in first steps of deoxysugar biosynthesis are sflD 

and sflE. sflD is NDP-D-glucose synthase and sflE codes for NDP-D-glucose 4,6-

dehydratase. Biosynthesis of first and second steps of chromomycin biosynthesis is 

catalyzed by products of sflD and sflE. Other downstream genes to sflD and sflE are 

sflV (glucose dehydratase), sflW (ketoreductase) and sflUI (ketoreductase). The other 

genes are sflUII and sflUIII whose products are ketoreductase involved in 

biosynthesis of D-deoxysugars. The 2-deoxygenation step occurring during 

biosynthesis of all chromomycin of deoxysugars (sugars A-E) is carried out by sflV 

(dehydratase) and sflW (reductase). Downstream sflUIII is sflC that codes for 
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methyltransferase. Another gene function of sflF is an epimerase and contains the 

conserved domain for NDP-sugar-isomerase. The last step after sugar synthesis is its 

decoration by methyl (sugar B) or acetyl groups (sugar A and E) at C-4 hydroxy 

groups. sflMIII codes for O-methyltransferase. After the aglycons get attached to 

sugar they get methylated by pathway specific enzymes. The modifying enzymes 

include (i) sflAI that codes for acyltransferase acts on aglycon sugars (ii) cmmIII is 

methyltransferase for methylation of d-oliose of disaccharide (iii) sflA being 

acetyltransferase, transfers one or both acetyl groups to sugars A and E (iv) Finally 

the glycosyltransferase, sflGIV and sflGIII transfer sugars (first and second D-olivose, 

deoxysugars) to aglycon and (v) sflGI transfers third deoxysugar to aglycon unit 

(134).  

1.5.2.3 Regulation of chromomycin biosynthesis 

sflRI and sflRII are important genes involved in regulation of chromomycin 

biosynthesis. sflRI is transcriptional activator and sflRII is transcriptional regulator of 

chromomycin biosynthesis. These genes are cotranscribed with genes of ABC 

transport system (134).   

1.5.2.4 Genes for self-resistance 

Gene products of sflA, sflB and sflX are involved in self resistance to 

chromomycin. sflA and sflB are similar to ATP binding proteins and membrane 

proteins being part of type I ABC transport system. sflX gene product resembles one 

of the three subunits of ABC excision nuclease system for DNA repair. The product 

of ABC transport system (SflAB) and SflX are involved in self resistance (134). 
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           Fig. 1.4 Proposed pathway for biosynthesis of chromomycin A3 and A2 

[reproduced from (135)]. 
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