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SUMMARY

Actinomycetes are among the most fascinating microorganisms. Their developmental

lifecycle, including morphological and physiological differentiation, and the rich repertoire of

secondary metabolites, about 70 - 80 % of bioactive secondary metabolites are being produced by

actinomycetes, have resulted in a large research community studying these microbes. In general, the

research topics pursued include: i) regulation and the genetics of themorphological development; ii)

regulation of secondary metabolism; iii) primary metabolic pathways and their control; iiii) the

interplay between primary and secondary metabolism and morphogenesis and iiiii) search for new

bioactive secondary metabolites and the improvement of their productivity.

The last point may be the driving force to study actinomycetes, even though their handling

requires special skills. Research projects driven by the quest to find new molecules or to improve

production of a certain metabolite have resulted in �������	
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������� Table 1.1 was recently compiled, listing some 62 useful secondary metabolites out of the

over 9000 biologically active molecules isolated so far from Actinomycetes, which account for 2/3

of the known antibiotics made by microorganisms and about 60% of all secondary metabolites with

biological activities other than antibiotic. In both cases nearly 80% of the molecules are made by

members of the genus Streptomyces (Kieser et al., 2000). Their function in nature can, in most

instances, not clearly be defined. Some molecules are designed as competitive weapons, others are

implicated in metal transport, or molecules might act as stimulants for symbiosis, sexual hormones

or effectors for differentiation (Demain, 1989). The driving force for the vast structural diversity of

secondary metabolites and the evolution of their complex pathways is not well understood, as is the

regulation of the processes leading to the production of secondary metabolites. 

In this work, the latest results on regulation of secondary metabolites will be reviewed and

discussed.

There are other commercially valuable products of the primary metabolism of actinomycetes

and other gram-positives that are not mentioned in this table. Amino acid production by

Corynebacteria may be the most relevant process to mention (Aida et al., 1986). 
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Table 1.1. List of useful actinomycete antibiotics and their classification. (source: Kieser et al.,
2000).

Antibiotic Producer Chemical class1 Target2 Application

Actinomycin D S. spp. Peptide Transcription Antitumor

Antimycin A S. spp. Macrolide Cytochrome
system

Telocidal

Avermectin S. avermitilis Macrolide (PK) Chloride ion
channels

Antiparasitic

Bambermycin S. bambergiensis Substituted amino-
glycosides (complex
of at least 4
moenomycins

Peptidoglycan Growth promotant

Bialaphos S. hygroscopicus Peptide Glutamine
synthetase

Herbicidal

Bleomycin S. verticillus Glycopeptide DNA strand
breakage

Antitumor

Candicidin S. griseus Polyene macrolide
(PK)

Membrane
(pore former)

Antifungal

Cephamycin C Nocardia lactamdurans
(and others)

β-lactam Peptidoglycan Antibacterial

Chloramphenicol S. venezuelae N-dichloracyl
phenylpropanoid

R Antibacterial

Chlorotetracyline S. aureofaciens Tetracycline (PK) R Antibacterial

Clavulanic acid S. clavuligerus β-lactam β-lactamase
inhibitor

Combined with a β-
lactam as
antibacterial

Cycloserine S. orchidaceus Substituted cyclic
peptide

Peptidoglycan Antibacterial

Daptomycin S roseosporus Lipopeptide Lipoteichoic
acid?

Antibacterial

Daunorubicin
(daunomycin)

S. peucetius Anthracycline (PK) DNA
intercalation

Antitumor

Desferrioxamine S. pilosus Peptide Iron chelation iron purging in iron
overload

Doxorubicin
(adiamycin)

S. peucetius var. caesius Anthracycline (PK) DNA
intercalation

Antitumor

Erythromycin Sac. erythraea Macrolide (PK) R Antibacterial

FK506
(tacrolimus)

S. hygroscopicus Macrolide (PK) Binds to FK
protein

Immunosup-
pressant

Fortimicin Micromonosproa
olivoasterospora

Aminoglycoside R Antibacterial

Fosfomcin S. spp. Phosphoric acid Peptidoglycan Antibacterial

Gentamycin Micromonospora spp. Aminoglycoside R Antibacterial

Hygromycin#1 S. hygroscopicus Substituted
aminoglycoside

R Antihelminitic

Kanamycin S, kanamyceticus Aminoglycoside R Antibacterial
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Antibiotic Producer Chemical class1 Target2 Application

Lasalocid S. lasaliensis Polyether (PK) Membrane
(ionophore)

Anticoccidial;
growth promotant

Lincomycin S. lincolnensis Sugar-amide R Antibacterial

Milbemycin S hygroscopicus Macrolide (PK) Chloride ion
channels

Antiparasitic

Mithramycin S. argillaceus Aureolic acid DNA alkylation Antitumor

Mitomycin C S caespitosus
S. verticillatus

Benzoquinone DNA cross-
linking

Antitumor

Monensin S. cinnamonensis Polyether (PK Membrane
(ionophore)

Anticoccidial;
growth promotant

Natamycin S. nataensis Tetraene polyene
(PK)

Membrane
(pore former)

Antifungal

Neomycin S. fradiae Aminoglycoside R Antibacterial

Nikkomycin S. tendae Nucleoside Chitin
biosynthesis

Antifungal;
insecticidal

Nocardicin Nocardia uniformis β-lactam Peptidoglycan Antibacterial

Nosiheptide S. actuosus Thiopeptide R Growth promotant

Novobiocin S. niveus Coumerin glycoside DNA gyrase
(β−subunit)

Antibacterial

Nystatin S. noursei Polyene macrolide
(PK)

Membrane
(pore former)

Antifungal

Oleandromycin S. antibioticus Macrolide (PK) R Antibacterial

Oxytetracycline S. rimosus Tetracycline (PK) R Antibacterial

Paromomycin S. rimosus forma
paromomycinus

Aminoglycoside R Antiamoebal

Phleomycin S. verticillus Glycopeptide DNA strand
breakage

Antitumor

Polyoxins S. cacaoi var. asoensis Nucleoside-peptide Chitin
biosynthesis

Antifungal (plant
protection)

Pristinamycin S pristinaespiralis Peptidic
macrolactone +
polyunsatturated
macrolactone (PK)

R Antibacterial

Puromycin S. alboniger Purine nucleoside R Research

Rapamycin S. hygroscopicus Macrolide (PK) Binds FK
protein

Immunosup-
pressant

Rifamycin Amycolatopsis
mediterranei

Ansamycin (PK) RNA
polymerase

Antibacterial

Ristocetin Nocardia lruida Glycopeptide Peptidoglycan Antibacterial

�	�
�����
� S. albus Polyether (PK) Membrane
(ionophore)

Anticoccidial;
growth promotant

�����
�����
� S. spectabilis Aminocyclitol R Antibacterial

��
������ Sac. spinosa Tetracyclic
mocrolide (PK)

Unknown Insecticidal

��
�	���
� S. ambofaciens Macrolide (PK) R Antibacterial

���������	�
�� S. graminofaciens Macrocyclic lactons R Antibacterial
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Antibiotic Producer Chemical class1 Target2 Application

����������
� S. griseus Aminoglycoside R Antibacterial

����������
�
� S. lavendulae N-glycoside R Growth promotant;
plant protection

(�
�����	�
� Actinoplanes
teichomyceticus

Glycoprotein Peptidoglycan Antibacterial

(���	����
�� S aureofaciens Tetracycline (PK) R Antibacterial

(�
��	���
� S. cattleya β-lactam Peptidoglycan Antibacterial

(�
��������� S. azureus Thiopeptide R Growth promotant

(���	���
� S. tenebrarius Aminoglycoside R Antibacterial

(����
� S. fradiae Macrolide (PK) R Growth promotant

4	�
�	���
� S. hygroscopicus Aminoglycoside R Plant protection

4	������
� Amycolatopsis orientalis Glycopeptide Peptidoglycan Antibacterial

4
��
�	���
� S. virginiae Macrocyclic lactone
(PK) + macrocyclic
peptidolactone

R Growth promotant

1 PK = polyketide, 2R = binds to ribosomes and thus inhibits protein synthesis

Not only the production of valuable metabolites but also the complex lifecycle of

actinomycetes has culminated in numerous research projects in the course of which genetic tools

where developed, genomes sequenced, and studies on the morphological and physiological

differentiation were conducted. '� �	�� ��
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resistant to low nutrient and water availability (Figure 2.1). The costs for this developmental

program are high: Since the program is initiated after, e.g., nutritional stress had developed, parts of

the substrate mycelium are sacrificed and lysed to liberate resources until the sporulation has been

completed (Wildermuth, 1970; Miguélez et al., 1999). Once started, differentiation will neither be

reversed nor stopped. Nucleases were discovered that specifically degrade the DNA in the substrate

mycelium (Nicieza et al., 1999), a process with significant analogies to the late steps of apoptosis,

the programmed cell death, of eucaryotic cells. Moreover, to defend the partly lysed mycelium from

being invaded by other soil organisms, a physiological differentiation starts which leads to the

production of highly bio-active (antibiotic) molecules. These compounds are highly oxidized and

from a metabolic point of view, very expensive molecules, and therefore are naturally produced in

small amounts (Prosser and Tough, 1991). Nevertheless, the process appears to be money well spent

as examples showed that viable spores could be recovered from 70 year old soil samples (Morita,

1985). Other adaptations of Actinomycetes to the native environment include the largely missing

regulation of amino acids biosynthesis (Kroening and Kendrick, 1987). Biosynthesis is constitutive

as in the nutrient limited environment#�������
��#��#�
��������
�#
�#���#��/
����#

?
�����������@�	�-���	�
���
������	�
���	�� ��� @A8 @�	�-���
�
����	������� 
�

��������	��	�������	���
��B (����
�����
�������	� Streptomyces has a glucose-phospho-

transferase system (PTS) and the recently described fructose PTS system of Streptomyces appears to

lack the Ser-phosphorylation of Hpr (Histidine Protein) that plays a regulatory role in low G+C

Gram positives (Titgemeyer et al., 1995). Similar to other systems, pathways for uptake and

utilization of carbon sources other than glucose are generally inducable and repressed by glucose.

However, cAMP is not implemented in carbon catabolite repression (CCR), and whether the

fructose-PTS participates in CCR in unclear. In contrast, the ATP-dependent glucose kinase (GlkA)

plays a crucial role in CCR (Angell et al., 1994; Hostalek et al., 1976). 

Most streptomycetes use the Embden-Meyerhof-Parnas (EMP) pathway for glucose utilization
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(Cochrane, 1961). Known exceptions are S. antibioticus that apparently only uses the hexose

monophosphate shunt (Salas et al., 1984) and S. clavuligerus that can not utilize glucose as carbon

and energy source but can use starch instead (Garcia-Dominguez et al., 1989). Also interesting to

note is that several streptomycetes switch pathways from glycolysis (EMP) during primary

metabolism to hexose monophosphate shunt during secondary metabolism (Dijkhuizen, Hunter,

Oliver personal comm.) and that there is no evidence of any streptomycete using the Entner-

Doudoroff pathway. 
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2. THE LIFECYCLE OF ACTINOMYCETES

A bacterium that looks like a mold and that grows into a differentiated colony - more representing a

primitive organism than a unicellular bacterium ?!
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On solid medium, colonies of Streptomyces are readily distinguished from other bacteria and

yeast by their typical sculptured surface that, upon sporulation, becomes a velvet-like surface. In

addition, pigmented secondary metabolites are often excreted into the surrounding medium.  

The major stages of the Streptomyces lifecycle are shown in Figure 2.1. Starting with a

dormant spore (1), the cycle begins when favorable environmental conditions are sensed. Water

availability and temperature (mild heat treatment improves germination) are the most obvious

stimuli that could be sensed by a dormant spore and induce germination. Divalent cations (often

Ca2+) and CO2 are also required. Germ tube emergence from the unigenomic spore coincides

roughly with completion of the first round of DNA replication. Synchronous DNA replication

continues until the germ tube contains 32 genomes, and the rate of hyphal extension has increased to

approximately 40 µm per hour on rich medium (the length of an E. coli cell every 2-3 minutes)

(reviewed in Champness and Chater, 1994). Growth of the mycelium occurs mainly at the tip, and

the growth rate doubles with each replication of the chromosome in the initially aseptate germ tube

(Chater and Losick, 1996). At this accelerating rate of tip growth cell wall biosynthesis would soon

become limiting. The emergence of a new tip relieves this problem every time the maximum rate of

extension has been reached, thus initiating the mycelial growth pattern (2). Therefore, the rate of tip

extension does not increase, nevertheless a more or less exponential increase in biomass is achieved

by an exponential increase in the number of branches formed. Kretschmer (1991) suggests that the

trigger signal for branching is an accumulation of cell wall precursors beyond levels that can be

consumed by the tip. The highest concentration of these precursors would be expected at the farthest

distance from the growing tip, the region where branching is observed. Alternatively, branching

could be induced by an imbalance in the ratio of genomes to cytoplasm as DNA replication

continues, especially in the subapical cells. Branching with subsequent septation would correct this

imbalance (Champness and Chater, 1994). Occasional septa are formed which often are close to

branch points. It remains to be determined what controls the positioning and the formation of the

septa.
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Most branches are close to septa which are more frequently found in the older parts of the

mycelium. After septation, the mycelium can be divided into the apical part corresponding to the

growing tip where cell wall biosynthesis takes place, and the sub-apical part which lacks cell wall
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biosynthesis but where, nevertheless, DNA replications takes place. When a branch is formed in a

sub-apical compartment, it regains some apical properties, such as cell wall biosynthesis. This

vegetative mycelium develops into the colony by spreading over the and penetrating into the

substrate until environmental stress factors are sensed and a complex regulatory network is being

triggered leading to the morphological and physiological differentiation of the colony (3). Changes

that are observed during this phase include:
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3. REGULATION

The following section reserves separate chapters for the morphological and the physiological

differentiation even though common signals and signal cascades, especially regulating the early

events, are linking both processes. One reason for this division is that the respective studies where

done under very different conditions. Most of the work on morphological development is done on

solid support grown cultures, while regulation of secondary metabolism has been studied in both,

surface and submerged grown cultures. In addition, the individual treatment of both differentiation

processes should provide a better understanding of the common, as well as of the different

regulatory elements characterized so far among the genetically diverse streptomycetes.

3.1 REGULATION OF THE MORPHOLOGICAL DIFFERENTIATION

The complex Streptomyces lifecycleand its developmental program, which involves theentire

colony, requires a tight control. Spore germination is induced by some triggers, signaling favorable

environmental conditions, the nature of which still remains to be determined. A prerequisite for the

development of mature spores is the septation of the aerial hyphae. Two proteins, FtsQ and FtsZ are

required for septation in bacteria. The ftsZ gene product is a highly abundant protein that somewhat

resembles eucaryotic tubulin (Lutkenhaus, 1993) that is essential for E. coli and Bacillus subtilis

cells to generate colonies (Beall and Lutkenhaus, 1991; Dai and Lutkenhaus, 1991). FtsZ is also

present in streptomycetes (Dharmatilake and Kendrick, 1994; McCormick et al., 1994), but

dispensable. Deletion of ftsZ in S. coelicolor resulted in more or less normal colonies (McCormick

et al., 1994). A S. coelicolor deletion mutant for a second cell division gene, ftsQ, was also viable

and able to form a branched mycelium. Its mycelium, however, was devoid of any cross walls

(McCormick and Losick, 1996). Both deletion mutants, however, failed to develop the uninucleoid
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compartments in the aerial hyphae and subsequently failed to produce spores. This demonstrates

that septation is not required for branching, vegetative growth, or aerial hyphae formation. Only at

the late steps in the development of the aerial mycelium into spores require the intact cell division

and septation functions, which virtually eliminates septation as possible trigger for initiation of

differentiation.

But how is morphological development regulated? A comprehensive answer to this question

remains subject for intense studies. The paradigm for the onset of differentiation is that the growing

colony experiences environmental stress upon which the developmental program is initiated. The

nature of the environmental signals is still under investigation. They are likely to correlate with the

nutritional status or the cell density of the colony, but other stress signals, such as heat-, cold-, or

osmotic shock (Vohradsky et al., 2000), or occurrence of direct contact between hyphae, an internal

counting of cell cycles or branching order (Champness and Chater 1994) should be considered.

Two main classes of genes or loci are associated with morphological differentiation in

Streptomyces coelicolor: the bld genes which are required for the erection of aerial hyphae, and the

whi genes, which are needed for the formation of mature spores (Table 3.1). These genes/loci could

be grouped into a signaling cascade. Others, also included in Table 3.1, are genes or loci that do not

fit into the bld-whi cascade but are essential for differentiation as discussed in the following

sections.

3.1.1 DEVELOPMENT OF AERIAL HYPHAE - THE BLD- AND WHI- GENES
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3.2 REGULATION OF THE PHYSIOLOGICAL DIFFERENTIATION

The solubilization of parts of the vegetative mycelium to provide nutrients for the sporulating

aerial mycelium could be rather indiscriminate: other soil bacteria might benefit from this

availability of nutrients. However, Streptomyces colonies defend their resources by poisoning the

local environment with antibiotics to which the producer is resistant (Chater and Merrick, 1979;

Chater, 1992). The high expense of the synthesis of these molecules under nutrient limited

conditions has led to the development of a complex regulatory network. Despite intensive research

this network is still far from being understood. Primary metabolism, secondary metabolism and

morphological differentiation are linked for a coordinated development. Most bld mutants discussed

earlier (chapter 3.1.) are not only deficient in morphological development, but also deficient for

secondary metabolite production and for sensing the nutritional state of the cell. Similarly, A-factor

has pleitrophic effect on morphogenesis and secondary metabolism in S. griseus. 

The pathway-specific regulators of secondary metabolism are rather well characterized but

our understanding of the global signaling pathways activating these pathway-specific regulators is

only rudimentary. Best understood is the A-factor-mediated differentiation in S. griseus (Yamazaki

et al., 2000), but many new players have been identified that could not be integrated into the

established signaling cascades. 

3.2.1 PATHWAY SPECIFIC REGULATION

The genes for the biosynthesis of secondary metabolites are usually clustered. Well studied

are gene clusters for numerous antibiotics. Again, S. coelicolor has served as a model, and the

biosynthesis of its two colored secondary metabolites, actinorhodin (Act) and undecylprodigiosin

(Red), provided information that could be applied to other systems. Both gene clusters, the

actinorhodin (act) and the undecylprodigiosin (red) cluster, contain within the biosynthetic genes
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pathway-specific activators actII-orf4 and redE. Transcription of actII-orf4 is developmentally

regulated and translation is bldA-dependent (BldA = leucyl-tRNA recognizing the rare UUA codon)

(Gramajo et al., 1993). The actII-orf4 product, a transcriptional activator, then induces transcription

of the act biosynthetic genes. Level of transcription sharply increased when cultures entered

stationary phase. Following the increase of actII-orf4 transcripts, other act structural biosynthetic

genes were upregulated (Gramajo et al., 1993; Arias et al., 1999). Actinorhodin production can be

enhanced and uncoupled from cell development by constitutively overexpressing actII-orf4.

Overexpression of actII-orf4 also restored Act production in bld mutants (bldA, D, F, G and H;

Passantino et al., 1991). Interestingly, expression of actII-orf4 was regulated on the level of

transcription and not, as is suggested by the presence of the very rare UUA codon, at the level of

translation. Recently a gene, orf10, located within 4.8 kb adjacent to the right end of the act

biosynthetic cluster (downstream of actVB-orf6) in S. coelicolor was identified that resembles a

LysR-type transcriptional regulator. Disruption of orf10 in S. coelicolor had no effect on Act

production but extra copies restored Act production in an actIII mutant. Disruption of orf10 in the

closely related S. livdans induced Act production. The molecular interactions of the orf10 gene

product remain to be determined (Martínez-Costa et al., 1999). 

A similar growth-phase-dependent expression was observed for redE, the pathway-specific

regulator for undecylprodigiosin. Again, regulation of redE expression occurs at the transcriptional

level, and upregulating redE expression resulted in transcription of the structural genes for

undecylprodigiosin biosynthesis (Takano et al., 1992). Both genes, actII-orf4 and redE encode

DNA-binding proteins belonging to the growing family of Streptomyces Antibiotic synthesis

Regulatory Protein (SARP; Wietzorrek and Bibb, 1997). 

The isolation of bldA mutants, normally Act- and Red-, that produced undecylprodigiosin

(pwb) led to the identification of redZ. RedZ is a response regulator that activates transcription of

redE (White and Bibb, 1997). Interestingly, RedZ lacks the phosphorylation pocket at its amino-

terminal domain usually found in response regulators (Guthrie et al., 1998). The mechanism by
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which RedZ activated redE remains to be determined.

The same pathway-specific regulation has been identified for the dunorubicin gene cluster of

Streptomyces peucetius, in which dnrN and dnrI are the homologues to redZ and redE, respectively.

Again, there was no evidence for phosphorylation of DnrN, the response regulator activating

expression of dnrI. DnrI is a member of the SARP-family DNA-binding proteins that activates

transcription of the structural genes for daunorubicin biosynthesis (Furuya and Hutchinson, 1996;

Madduri and Hutchinson, 1995; Tang et al., 1996; Wietzorrek and Bibb, 1997). Also the

transcriptional activator, CcaR, of the cephamycin C gene cluster of S. clavuligerus displays

homology to other pathway-specific activators of the SARP family. CcaR is required for activation

of both, the clavulanic acid and cephamycin C biosynthesis (Alexander and Jensen, 1998; Pérez-

Llarena et al., 1997). A phosphate controlled expression involving a SARP-like protein has recently

been proposed for the oxytetracyclin biosynthesis in S. rimosus (McDowall et al., 1999).

In contrast, expression of strR, theactivator of the well studied streptomycin (str) cluster in S.

griseus, is transcriptionally regulated by the A-factor-dependent expression of AdpA, a different

transcription activator#����#)
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in S. coelicolor provides a �	���%	�������	 ���	�
�����������	 �	���	���	 ������	��

���	���
��� (������������ MmyR, has been classified as a terR-like repressor (Chater and Bruton,

1985). 

Interestingly, very little is known about the regulation of the complex polyketides

biosynthesis. The only pathway specific regulator for a macrolide antibiotic described so far is

SrmR of the spriamycin cluster in S. ambofaciens. The activator gene srmR. encodes a protein that

did not reveal significant homology to known proteins (Geistlich et al., 1992; Richardson et al.,

1990). However, short stretches of homologies to putative transcriptional regulators and to putative

regulatory proteins in S. coelicolor were found in a recent database search (9/2000) for the N-

 <



terminal and C- terminal regions, respectively. 

Pathway specific regulators for the larger macrolide (type I - polyketide synthases) gene

clusters such as the erythromycin of Saccharopolyspora erythraea (Donadio et al., 1993) or the

rapamycin gene cluster S. hygroscopicus remain to be identified. A sensor kinase response-regulator

gene pair was found next to the rapamycin cluster (~ 100kb in size), its involvement in regulation of

rapamycin biosynthesis is not known (Schwecke et al., 1995).

3.2.2 GLOBAL REGULATIONS

The more complex regulation of differentiation and secondary metabolism begins at the level

above the pathway specific regulation. The connection between inter- and intra-cellular messaging,

the response to a variety of environmental stimuli and the evaluations of the signals involved,

requires multiple steps and the interconnection of different signaling paths. Moreover, the status of

the primary metabolism and the overall nutritional state of the cells has to be evaluated for an

integrated response leading to cellular differentiation. A part of this complexity has already been

discussed in connection with morphogenesis. A more in-depth discussion of the various known

regulatory systems will follow below.

3.2.2.1 POPULATION DENSITY AND INTERCELLULAR SIGNALING (A-FACTOR)

The best studied and most completely understood signal pathway in streptomycetes is the A-

factor driven morphological differentiation and induction of streptomycin biosynthesis in S. griseus

(Horinouchi and Beppu, 1992/1994; Horinouchi, 1996; Yamazaki et al., 2000). A-Factor (2-

isocapryloyl-3R-hydroxymethyl-γ-butyrolactone) belongs to a large family of structurally similar

compounds used for cell-cell signaling (quorum sensing) (Table 3.2). Occurrence of autoinducers is

by far not limited to streptomycetes. Actually, the bacterial luminescence system of Vibrio fischeri
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was the first example that introduced the autoinducer concept of cell-density-dependent regulation

(Nealson et al., 1970; Eberhard et al., 1981). These autoinducers are active in nanomolar

concentrations and hence considered to be microbial hormones. The list presented in Table 3.2.

demonstrates that autoinducers are common signal molecules in probacteria and even lower fungi.

Similar to their counterparts in streptomycetes, the homoserine lactones (HSL) found throughout

Gram-positives and Gram-negatives are signals for cell density, which upon reaching a threshold

value induce cell-density related functions. Typical cell-density related functions include

luminescence, production of secondary metabolites, and bacterium-host interactions such as

virulence factors or induction of nodulation. +��������
�	�	�� ����
����
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�������
	�
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Table 3.2. Quorum sensing in microorganisms: Examples for γ-butyrolactone and homoserine lactone
derived autoinducers.
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Why exactly bacteria use N-acyl-L-homoserine lactones as messengers is not clear. Dunlap

  



(1996) argues that intracellular levels of HSL and acyl groups may vary with the flow of carbon,

nitrogen, and energy through the amino acid and fatty acid biosynthetic pathways. Hence, increased

precursor concentrations, as a consequence of perturbations in these flows, is associated with the

onset of stationary phase. When combined to form N-acyl-L-HSL, these metabolites would become

membrane-permeant intercellular signals that activate functions adaptive to high cell density

(Huisman and Kolter, 1994). It remains to be proven if this hypothesis is applicable for the

butyrolactone synthesis in Streptomyces. So far neither the pathway nor the growth-related

regulation of γ-butyrolactone biosynthesis are known. The current model for autoregulator mediated

differentiation in Streptomyces has derived from detailed studies on A-factor#��#�)���
��
�

Is is suggested that A-factor is the product of the condensation of a glycerol with a β-keto

fatty acid mediated by the function of AsfA (Ando et al., 1997a). The presumptive β-keto fatty acid

may contain either acetyl-CoA or acyl carrier protein at the end (Ohnishi et al., 1999). Expression of

AfsA appears to be regulated by afsB, a DNA-binding protein of which homologous sequences are

readily detected in streptomycetes (Horinouchi et al., 1996). A-factor is produced in a growth-

dependent manner, probably by a low level expression of afsA. Such low basal expression is

suggested for the lux-system in Vibrio fischeri (Dunplap, 1996). A reduced mRNA stability or

missing substrate due to the high growth rate in exponentially growing cultures are discussed as

causes for the low autoinducer biosynthesis in Vibrio fischeri when grown in culture. At higher cell

density, when the culture enters stationary phase and metabolic activities change, precursors for

autoinducer biosynthesis may be more readily available (Dunlap, 1996). Whether this model is

applicable in Streptomyces remains to be proven. Nevertheless, A-factor biosynthesis and/or

concentration reaches a critical level when a culture enters stationary phase and A-factor then binds

to the A-factor receptor protein (ArpA) setting off the regulatory cascade shown in Figure 3.3

(Yamazaki et al., 2000). ArpA is a DNA-binding protein that binds as a dimer to the promoter of

adpA (A-factor dependent protein A) preventing transcription of this gene. Upon binding of A-

 .



factor to ArpA, the complex dissociates from the DNA and transcription of adpA commences.

AdpA then activates transcription of strR, encoding for the pathway-specific activator StrR for

streptomycin biosynthesis, and transcription of aphD, the gene conferring streptomycin resistance

(Ohnishi et al., 1999). Transcription of adpA also results in the enhanced transcription of a gene

encoding a new oligoribonuclease, ornA, which is located downstream of adpA. OrnA is believed to

be required for the recycling of mRNAs to provide precursors for newly initiated transcriptional

activities leading to a rapid shift in gene expression (Ohnishi et al., 2000). In addition, the adsA

gene encoding σAdsA, a homolog to bldN in S. coelicolor, required for induction of aerial hyphae

formation is activated by AdpA (Figure 3.3.; Yamazaki et al., 2000). Moreover, additional AdpA-

dependent DNA-binding proteins were identified that are involved in inducing the production of a

yellow pigment and other phenotypes. The multiple action of AdpA significantly amplifies the A-

factor signal and thus ensures a rapid differentiation. 

 0

Figure 3.3. A-Factor-dependent regulation of differentiation in S. griseus. See text for
details. (modified after Yamazaki et al., 2000)



A second A-factor-dependent pathway, essential for morphological differentiation in S.

griseus has recently been uncovered. This path is σAdsA-independent, but dependent on a second A-

factor dependent protein, AdpB. AdpB controls transcription of amfR (Ueda et al., 1993/1998): in

the absence of A-factor AdpB acts as repressor by binding to the promoter region of amfR. Addition

of A-factor relieves the repression resulting in AmfR synthesis and the onset of morphogenesis

(Ueda et al., 1993/1998). The molecular details of these interactions are still unknown.

Searching for similar signal pathways in other Streptomyces revealed some common features,

but also major differences. γ-butyrolactone autoinducers and their respective, highly ligand-specific

receptor proteins have been identified in many strains of Streptomyces. Structural differences in

their C-2 side chains resulted in a classification of butyrolactone autoregulators identified so far into

three groups: (i) A-factor type possessing a 6-keto group, (ii) virginiae butanolide type (VB), e.g.

VB-A to VB-E controlling virginiamycin biosynthesis in S. virginiae, possessing a 6-α-hydroxy

group, and (iii) the IM-2 type possessing a 6-β-hydroxy group. Although the structural differences

among these factors are small, the producer strains show a high degree of ligand specificity toward

the corresponding autoregulator (Miyake et al., 1989; Nihira et al., 1988, Waki et al., 1997), which

is mediated through the autoinducer receptor proteins. 

The working model for A-factor-mediated regulation in S. griseus describes some common

regulatory features that have also been identified in other streptomycetes, but major differences are

observed as well. Virginiae butanolide (VB) in S. virginiae, for example, is only produced

immediately before virginiamycin production is started and controls production of this metabolite

only (Kinoshita et al., 1997). Also the chromosomal organization of the genes for the autoinducer

and the receptor proteins are distributed differently: While theVB genes (barX/R) in S. virginiae are

located adjacent to each other are the afsA and arpA in S. griseus distributed (Kinoshita et al., 1997;

Ohnishi et al., 1999). 

A further variation of the γ-butyrolactone-mediated signaling has been found in S. lavendulae
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FRI-5. During early growth, cultures of S. lavendulae produce the antibiotic D-cycloserine but later

switch to the production of the nucleoside antibiotics showdomycin and minimycin. IM-2, the

autoinducer of this strain binds to its receptor protein FarA (Waki et al., 1997), which, in the

absence of IM-2 represses its own expression. Further analysis has led to the hypothesis that FarA

might be involved in regulating the switch in the type of antibiotic produced in early and late stages

of the culture (Kitani et al., 1999).

A-factor-mediated signaling in S. coelicolor A3(2) is much less understood. Six different

γ−butyrolactones and three arpA-like genes have been identified so far that are implicated in

controlling morphological and physiological differentiation (Anisova et al., 1984; Onaka et al.,

1998). Results from databank searches suggest the presence of more than eight AdpA-like

homologues in S. coelicolor (Yamazaki et al., 2000). Two of the arpA-like genes of S. coelicolor,

cprA and cprB, have been characterized in more detail. The deduced amino acid sequence revealed

a significant similarity in the helix-turn-helix DNA-binding motive suggesting that both proteins

share the same DNA binding sites, one acting as positive and the other as negative regulator of

differentiation (Onaka et al., 1998; Sugiyama et al., 1998). '�������
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)������%	�������γ-butyrolactone-mediated signaling in Streptomyces are given in Table

3.3. Little is known on the molecular interactions of these autoinducers with their receptor proteins

and about the targets of the receptor proteins. 

In summary, γ-butyrolactone-mediated signaling is widespread in Streptomyces, but the strains

have diverged significantly during evolution. While in some strains both, morphological and

physiological differentiation are regulated by one autoinducer, only one branch of the differentiation
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is regulated by one or more autoinducers in others which implies that a signal, common to both

events may have been lost.

In addition to butyrolactones and HSLs, peptides or small proteins are often implicated in

quorum sensing and regulation of cell-density dependent functions, such as ComC for competence

for transformation in Streptococcus pneumoniae (Lee and Morrison, 1999), AgrD for virulence in

Staphylococcus aureus (Ji et al., 1995) or ComX and CSF for competence and sporulation in B.

subtilis (Lazazza and Grossman, 1998; Lazazzera et al., 1999). Whether BldJ or even SapB (chapter

3.1.1.) qualify as a quorum sensing molecule remains to be seen.

3.2.2.2 PHOSPOPO RELAY SYSTEMS AND OTHER REGULATORY PAIRS

In procaryotes, two-component signal transduction systems are employed in situations in

which the cell needs to respond to environmental signals such as osmotic response and phosphate

control in E. coli or sporulation in B. subtilis (Parkinson, 1995; Stock et al., 1995). The general

paradigm is that a sensor protein mostly associated with the membrane senses the signal and

autophosphorylates. The phosphoryl group is then transferred to a companion protein which often

acts as a transcriptional regulator. 

Three such two-component regulatory systems have been identified in S. coelicolor and S.

lividans, absA1/A2 (Brian et al., 1996), cutR/S (Chang et al., 1996), and afsQ1/Q2 (Ishizuka et al.,

1992)�#	��#��#��
��#	��#
���
�	���#
�#������	��#���	���
��#������
��#�(	���# � ���#

1.) The absA locus has been studied in detail. Recently, the molecular nature of the Abs-

phenotyp, loss of production of all antibiotics in S. coelicolor, has been resolved (Anderson et al.,

1999). TheAbs- phenotype is the result of point mutations in theconserved regions of AbsA1, ahis-

kinase sensor transmitter family protein. One mutant allel carries two point mutations, I360 to L and

R365 to Q, altering the 'G-box' motif, which is involved in nucleotide binding (Stock et al., 1995).

The second mutant allel carries a single point mutation changing L253 to R, that is located in the 'X-
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box' which has recently been proposed to be involved in the aspartylphosphatase activity, common

to many sensor-transmitters (Hsing et al., 1998). Supressor mutants for these Abs- alleles were

identified that carry either partial deletions of absA1/A2, or second site point mutations in other

conserved regions of either absA1 or absA2, that are involved in signal transfer to the response

regulator or in DNA binding of the response regulator (Anderson et al., 1999). Hence, it was

concluded that the mutant alleles causing the Abs- phenotye of the absA1/A2 system, which earlier

has been shown to negatively regulate secondary metabolite biosynthesis (Brian et al., 1996), lock

this system in the negative control state. The ligand and the target for the abs-system remain to be

determined.

2.) The second regulator pair for secondary metabolism, cutR/S, has been isolated form S.

lividans (Chang et al., 1996). Inactivation of cutR/S increased Act and Red production while

multiple copies of cutR reduced Act production, again implying a negative regulation of the

secondary metabolism by CutR/S. Southern blot analysis as well as DNA and protein sequence

comparison with the genes from the abs-locus revealed that the cut-locus is distinct from abs and

that cut may also be present in S. coelicolor A3(2). Chang and coworker (1996) suggest that both,

abs and cut may interact in a hierarchical manner, which remains to be resolved. As for the first

system, nothing is known about the ligands and the target of this regulator.

3.) The third and probably universal sensor kinase / response regulator system is the afsQ1/Q2

regulatory pair which has been identified in many actinomycetes (Ishizuka et al., 1992)� (��
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Table 3.3. Two-component regulatory pairs identified in S. coelicolor and S. lividans affecting secondary
metabolism.
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In addition to the procaryotic-typ two-component systems, a growing number of eucaryotic-

type two component sensor-kinase/response-regulator pairs have been identified (Table 3.3.). The

well-studied afsR/K system in Streptomyces is comprised of the regulatory protein AfsR that is

phosphoylated on Ser and Thr residues by the adjacently encoded AfsK kinase �+	�������� 	���

�66.�� +�	������.
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�9���	�	 �� 	��� �666�� A-factor and streptomycin synthesis were not affected in these mutants. As

for the asf-system in S. coelicolor the ligands and targets for AsfK and AsfR remain to be

determined. 

The discovery of a third gene of the asfR/K locus in S. griseus, afsR2 (afsS in S. coelicolor),

located some 213 nt downstream of afsR (Vögtli et al., 1994) has raised some question on the

regulation by AfsR. Mutation analysis demonstrated that AfsR2 alone was required for induction of

Act production in S. lividans. Introduced in high copy number, AfsR2 stimulates Act and Red

biosynthesis through activation of the pathway-specific activator actII-orf4 and redD. A segment of

the 63 aa AfsR2 protein shows similarity to a domain found in various procarytic sigma factors.

However, the most conserved regions that are associated with core binding, promoter recognition

and DNA-melting are missing in AfsR2. In addition, the small size does not support the idea that

AfsR2 acts as a sigma factor itself (Vögtli et al., 1994). Moreover, the pronounced copy number

effect may suggest that AsfR2 may titer out a repressor for the pathway-specific regulators. Another

asfR2-like sequence that is implicated in the regulation of nystatin biosynthesis has recently been

found in S. noursei (Sekurova et al., 1999). A more widespread distribution of AsfR2-like proteins

may point to a common regulation of the pathway-specific regulators.

A set of Ser-Thr kinases, Pkg2, Pgk3 and Pkg4, have been isolated from S. granaticolor

(Vomastek et al., 1998; Nádvorník et al., 1999). While Pgk2 is a membrane-spanning Ser/Thr

kinase, Pgk3 and Pgk4 are cytoplasmic kinases. The Pgk2- phenotye shows a lack in morphological

differentiation which, however, was conditional and depended on the growth medium. The malt

.�



extract, yeast extract and glucose medium restored morphogenesis, while a medium containing

cornsteep, starch and yeast extract clearly showed the Pgk- phenotype (Nádvorníc et al., 1999). It is

conceivable, that similar to AsfR/K, Pgk2 may be required for regulation of morphogenesis at

higher phosphate concentration.

Additional phosphotyrosine phosphatases have been recently characterized, which in

multicopy increase Act production in S. lividans (ptpA; Li and Strohl, 1996). Again, that mode of

action, ligands and targets are unknown.

Two gene clusters, the ramA/B/R and amfA/B/R of S. coelicolor and S. griseus, respectively,

are required for initiation of aerial hyphae development �9��	 �� 	��� �66 = +	 	�� :���	��� �66.�
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Analysis of another global regulator in S. coelicolor, the abaA locus, revealed five putative

ORFs. Subcloning experiments revealed that OrfB together with 137 bp downstream of it is

responsible for Act overexpression in S. lividans (Fernández-Moreno et al., 1992). Disruption of

orfB did not affect the morphological development or the production of methylenomycin in S.

coelicolor. Act, Red and CDA productions, however, were abolished or severely reduced. No

details are known on the molecular mode of action. #

A similar overproduction of Act was observed when a DNA fragment, isolated adjacent to the
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right end of the act cluster, was transformed into S. lividans. The fragment contained 6 ORFs, one

of which, orf10 has homology to LysR-type transcriptional regulators (Martínes-Costa et al., 1999).

In contrast to abaA, disruption of orf10 had no significant effect in S. coelicolor, but resulted in

actinorhodin overproduction in S. lividans. This implies, even though no target was found, that

Orf10 protein negatively regulates actinorhodin production in S. lividans. Orf10 apparently

represses its own and the transcription of orf11, located downstream. A model, according to which

Orf10 protein may regulate an unknown transcription factor that, in turn, negatively controls actII-

orf4 gene expression has been proposed (Martínes-Costa et al., 1999).   

The abaB locus isolated from S. antibioticus also contains a putative LysR-type

transcriptional regulator that upon expression in S. lividans elicits Act production. Southern analysis

with chromosomal DNA from five streptomycetes revealed the presence of homologous DNA

sequence to abaB in all Streptomyces tested (Scheu et al., 1997). A second gene of this locus has

homology to genes involved in sulfur metabolism (Scheu et al., 1997).

The recent characterization of the absB gene as a homolog to RNase III� 	 ��5$�-����
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Other DNA sequences have been described to exert pleiotropic effects on secondary

metabolism. micX, encoding a putative antisense mRNA, and ����(	��� � �� 	������%	�������
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3.3 METABOLISM AND NUTRITIONAL STATE

There is ample evidence that changes in the nutritional state of a culturecan prevent or induce

the onset of differentiation. It is therefore not possible to discuss cellular differentiation in

Streptomyces without taking into consideration their primary metabolism and its regulation. This,

however, should not be done without regarding the natural environment, the soil, where

streptomycetes as saprophytes mostly degrade plant material. Plant material is generally rich on

carbon (complex polysaccharides) but poor on nitrogen. As a consequence, a multitude of

carbohydrate catabolic pathways have been discovered in actinomycetes. These pathways are

subject to catabolite repression which, however, is distinct from carbon catabolite repression found

in E. coli or B. subtilis (see below). Interestingly, carbohydrate transport into the cell is mostly

accomplished by constitutive low-affinity-high-capacity permeases. Inducible high-affinity

permeases have only low transport capacity. In respect to the generally low nitrogen concentration

in soil, streptomycetes have to grab what they can. Not surprising, transport of amino acids is

accomplished mostly by high-affinity systems. In addition, about half of the amino acid catabolic

routes are constitutive and amino acid biosynthesis is rarely feed-back inhibited. Our current

knowledge of the primary metabolism of Streptomyces and understanding of its control have

recently been reviewed  (Hodgson, 2000).#

Unfortunately, physiological studies in streptomycetes are difficult to conduct and therefore

rarely found. Already small colonies or mycelial pellets may contain cells at different states of

differentiation which will interfere with analysis of metabolic fluxes and the analysis of enzyme

activities. Furthermore, strains that overproduce secondary metabolites may already be deregulated

in their primary metabolism, e.g. precursor supply. Additional complications derive from the

observation that several isoenzymes are present that have different functions in catabolism,

anabolism, or secondary metabolism. For example, the p-aminobenzoic acid synthetase of S. griseus
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required for folic acid and candicidin synthesis (Gil et al., 1985) has two isoenzymes. One

isoenzyme is involved in primary metabolism and the second, regulated by phosphate and aromatic

amino acids, is required for antibiotic synthesis. In S. parvulus, producer of actinomycin D, two

isoenzymes of kynurenin formamidase were found, one of which was constitutive and postulated to

have a role in NAD synthesis and tryptophan breakdown, and the second inducable isoenzyme is

involved in actinomycin D synthesis (Brown et al., 1986). Finally, the constitutive expression of

many pathways is accompanied by a low level expression of the respective enzymes. Detailed

kinetic analysis of these pathways may require a 1000 fold or better purification and enrichment of

the respective enzymes (Stuart and Hunter, 1993; Alves et al., 1997). 

The recent review by Hodgson (2000) has compiled and discussed in a very complete manner

the current state of our understanding of the primary metabolism and its control. Hodgson discussed

the various results considering the organisms phylogeneic relatedness (distribution within 19 major

and 40 minor clusters). As expected from their natural environment and as indicated by the diversity

in secondary metabolites produced, streptomycetes also excel through an enormous metabolic

diversity in primary metabolism. The limited number of primary metabolic pathways studied

indicate that only a few, namely Embden-Myerhof-Parnas (EMP, glycolysis), tricarboxylic acid

(TCA)-cycle, and the shikimate pathway, were commonly found in streptomycetes. Other pathways

often are species specific in both, the enzymes involved and in their regulation. (�
�� ���������
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As mentioned, the metabolic diversity makes it difficult to pinpoint key regulatory events that

will induce differentiation in Streptomyces. Nevertheless, several studies in recent years

demonstrate the link between ��
�	�����	���
��� 	 ��	���
����
�
��	���	����	 �����	��

������	�� ���	���
��� (�� ��� ������� �	�� already been mentioned: The inhibition of

morphological development under nutrient-rich conditions by the craA gene product, and the

induction of sporogenesis under starvation by SsfA (Figure 3.1). Yet another gene, spaA,appears to

be involved in sensing starvation (Schneider et al., 1996). To date, very little is known about the
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underlying molecular events of these processes. However, the hypothesis that onset of

differentiation and secondary metabolism is preceded by a downshift in the rates of protein

biosynthesis and growth, often caused by a change in or a depletion of the source of carbon,

nitrogen or phosphate (Martin and Demain, 1980; Hobbs et al., 1990; Lounes et al., 1995; Wilson

and Bushell, 1995), has generally been accepted, but also challenged (Granozzi et al., 1990).

Translation of these observations into molecular interactions established catabolite repression,

stringent response and the GTP-pool as key players in the control of differentiation. The following

chapters will focus on events in the primary metabolism that trigger differentiation, mostly the

initiation of the secondary metabolite production. The studies were mostly performed in liquid

culture, which generally does not permit the observation of morphological differentiation. Some of

our own findings are included.  

3.3.1 CENTRAL CARBON METABOLISM

It is somewhat surprising that the biosynthetic pathways for secondary metabolites are being

studied in great detail for quite some time now, but that only very limited information is available

on the key metabolic routes of the primary metabolism. Scattered information is available on the

presence or absence, or the regulation of Embden-Myerhoff-Parnas (EMP, glycolysis), pentose

phosphate (PP) pathway, Tri-carbocylic acid (TCA) -cycle and glyoxylate shunt. However, rarely

were these studies done in the same host. The discorvery of new metabolic routes, for example an

alternative anaplerotic pathway to the glyoxylate cycle described by Han and Reynolds (1997)

always leaves the question open, how common pathways and their regulation are among

streptomycetes. Furthermore, fundamental events, such as glucose uptake, remain to be

characterized for Streptomyces. So far, theonly phosphoenolpyruvate-dependent phosphotransferase

system (PEP:PTS) identified in S. lividans, S. coelicolor and S. griseofuscus is that for fructose

(Titgemeyer et al., 1995).
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Salas and coworkers (1984) studied in S. antibioticus the fluxes through the glucose-cataboli�
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3.3.2 CATABOLITE REPRESSION

Catabolite repression, exerted mainly by glucose, of expression of a variety of genes,
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including many operons coding for exoenzymes for degradation of complex carbon sources, such as

starch, cellulose, xylan, chitin, agarose, and others has long been known (Hodgson, 2000 and

references therein). The glycerol catabolic genes, glycerol kinase and NAD-independent L-

glycerol-3-phosphate dehydrogenase too, are repressed coordinately by various carbon sources, of

which glucose has the strongest effect (Seno and Chater, 1983). Moreover, glucose repression of the

morphological and physiological development has been demonstrated by the conditional defects of

most bld mutants (chapter 3.1.1) but the molecular level of interaction between glucose repression

and morphogenesis or secondary metabolism remains to be elucidated. 

The general mechanism of glucose repression in streptomycetes is distinct from that of other

bacteria and not well understood. While in entric bacteria the glucosePEP:PTS together with cAMP

regulate catabolite repression (Postma et al., 1993), no PTS system for glucose could be found in

Streptomyces (Novotná and Hostálek, 1985). Furthermore, cAMP is not implicated in glucose

repression as indicated by the absence of fluctuations in cAMP level with changes in carbon source

(Chatterjee and Vining, 1982; Hodgson, 1982). Nevertheless, cAMP may play a key role in

differentiation (chapter 3.5.1.). 

The ATP-dependent glucose kinase (glkA) has been identified as a key player in glucose-

mediated gene repression in streptomycetes. In S. coelicolor, the most genetically characterized

streptomycete, inactivation of an ATP-dependent glucose kinase (glkA) resulted in the inability to

utilize glucose and in a pleiotrophic loss of glucose repression (Hodgson, 1982; Seno and Chater,

1983), but it had no effect on glucose transport (Hodgson, 1982). Replacing GlkA with an unrelated

glucose kinase from Zymomonas mobilis, or with a normally cryptic glucose kinase of S. coelicolor,
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3.3.3 PRODUCTION AND EXCRETION OF ORGANIC ACIDS 

Directly related to the central carbon metabolism of Streptomyces is the phenomenon of

excretion of substantial amounts of organic acids. Mostly pyruvate, acetate, and TCA-cycle

intermediates but also lactate has been detected indicating a fermentative metabolism have been

detected (Perlman and Wagman, 1952; Doskoèil et al., 1959; Minas, 2003). Excretion of α-keto

acids has been described for several Streptomyces. S. venezuelae (Ahmed et al., 1984), S. rimosus

(Bormann and Hermann, 1968), and S. hygroscopicus (Gräfe et al., 1975) have been shown to

excrete pyruvic and α-keto glutaric acids, as does S. lividans TK24 (Madden et al., 1996). S.

aureofaciens (Doskoèil et al., 1959) has been shown to only excrete pyruvic acid, while S. griseus

00



(Hockenhull et al., 1954), in addition to pyruvic and α-keto glutaric acids, also excreted lactic acid,

indicative for a fermentative pathway. Gräfe and coworker (1975) suggest that the NADH/NAD+

ratio regulates pyruvate dehydrogenase, citrate synthase, and malate dehydrogenase activities and

that the internal pool of Coenzyme A, for which pyruvate- and α-ketoglutarate dehydrogenase are

competing, could be implicated in regulation of these enzymatic steps. Changes in oxygen

availability would readily change these pool sizes resulting in accumulation of acids. 

Our own experiments on organic acid production revealed that organic acids are also excreted

by cultures of S. coelicolor A3(2). Figure 3.4 shows a cultivation of this strain in a glutamate-

maltose-containing medium (MG medium described by Doull and Vining, 1989). A slightly diauxic

growth pattern is observed. Glutamate is the preferred carbon source and is consumed during the

first phase of rapid growth. Upon depletion of glutamate, acetic acid is the first acid that transiently
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accumulates. Acetate is readily reassimilated at the beginning of the second phase of rapid growth

on maltose as carbon source. Acetate reappears in the medium later during growth on maltose

indicating an overflow. Coinciding with thedepletion of themaltose, pyruvate, succinate and lactate

transiently appear and actinorhodin production starts. Accumulation of acetic acid, the typical

overflow metabolite from glycolysis, during stationary phase can be attributed to maltose utilization

in a nitrogen limited culture (Minas, 2003). In contrast, carbon limited cultures do not excrete acetic

acid during stationary phase.

Acid excretion can drastically lower thepH which may have secondary effects on growth and

development of the cells (Redshaw et al., 1976; Surowitz and Pfister, 1985a; Süsstrunk et al., 1998;

Viollier et al., 2001 a/b). In some strains, acid secretion is followed by reassimilation of the acids

which also raises the pH of the medium. In other strains or mutants, acids are not reassimilated and

block cell differentiation (Gräfe et al., 1975; Madden et al., 1996; Surowitz and Pfister, 1985a;

Süsstrunk et al., 1998; Viollier, et al., 2001a/b). Thus, the effect of glucose repression on

differentiation might be related to acid toxicity in strains where excreted acids are not reassimilated.
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Madden and coworker (1996) demonstrated that in addition to the carbon sources, the

nitrogen source too has a great impact on acid excretion in S. lividans. Glucose grown cultures

would excrete between 6 and 18% of the total consumed carbon as organic acids, mostly pyruvate

and α-ketoglutarate when nitrate or amino acids were used as nitrogen source. In contrast, addition

of ammonium to the medium repressed acid production. This observation clearly links the carbon

metabolism with the nitrogen metabolism, which has been shown to be very much implicated in the

repression/induction of secondary metabolism (discussed in chapter 3.3.5.).

3.3.4 STORAGE PRODUCTS

The accumulation of several storage products has been observed in Streptomyces. The deposit

of glycogen at different times and locations in the mycelium, mediated by two distinct glycogen

operons, and their implication in morphogenesis has been discussed in chapter 2 (Braña et al., 1986;

Schneider et al., 2000), as has the interconversion of the immobile, inert glycogen deposits into

metabolically active metabolites (e.g. glucose-1-phosphate) and into metabolically inert but

physiologically relevant trehalose (Schneider et al., 2000).

Accumulation of the glucose disaccharide trehalose was observed throughout the colony in
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all phases of colony development (Braña et al., 1986). A preferential accumulation was found in

aerial hyphae and spores, where trehalose can make up to 12% of the spore dry weight. Trehalose is

synthesized by the condensation of GDP-D-Glucose and glucose-6-phosphate resulting in

trehalose-6-phosphate (Elbein, 1967a/b; Hey and Elbein, 1968). A trehalose-6-phosphate

phosphatase and a trehalase were subsequently identified in S. hygroscopicus (Hey-Ferguson et al.,

1973). The general role for trehalose accumulation, especially in spores, is that of a storage

compound. However, Braña and coworker (1986) concluded from their studies in S. antibioticus on

the location of trehalose deposits (mainly in the tips of the aerial hyphae and the spores) and the

kinetics of trehalose synthesis that trehalose has a second function as osmoprotectant, protecting

against deydration� !�
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3.3.5 NITROGEN METABOLISM

The review on the Streptomyces primary metabolism by Hodgson (2000) provides a most

comprehensive overview on our current understanding of the nitrogen metabolism in these

organisms. As it is not within the scope of this review to repeat all these details, I will focus in my

discussion only on aspects that are related and/or relevant for morphological differentiation and

secondary metabolism. 

Many antibiotic molecules have structures that contain nitrogen atoms derived from

nitrogenous primary metabolites or the carbon skeleton of amino acid derived precursors. In these

cases, the relationship between primary and secondary metabolism is very obvious. Examples are

the peptide antibiotics or β-lactams, where amino acids are condensed with minor modifications to

form the antibiotic. L-glutamine and L-arginine are used as nitrogen donors in the biosynthesis of

aminocyclitol antibiotics such as streptomycin (Walker and Walker, 1982) and the carbon skeleton

of amino acids provides the precursors for the macrolides avermectin or tylosin which do not

contain nitrogen in their aglycon (Hafner et al., 1991). In cases where a specific nitrogen source,

such as an amino acid, is required for the biosynthsis of a secondary metabolite, exogenous addition

of the compound or genetic manipulation of the pathway leading to the precursor can improve

production of the secondary metabolite, which has been demonstrated by an increased cephamycin

C production in S. clavuligerus upon lysine addition (Braña and Demain, 1988 and references

therein). Often however, global inhibition of secondary metabolism can be observed on certain

sources of nitrogen. In addition, several studies show that the source of nitrogen and the carbon to

nitrogen (C:N) ratio have pronounced effects on the production of secondary metabolites. Similar to

the situation in carbon metabolism, again a great variability exists for the various catabolic and

anabolic routes for nitrogen utilization in different strains of Streptomyces. This makes it difficult to

define general models for regulation by nitrogen. Especially the amino acid metabolic routes are
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controlled differently, depending on whether a particular amino acid provides precursors for

secondary metabolite biosynthesis or not (for review see Hodgson, 2000). For example, Inbar and

Lapidot (1988) showed that extracellular L-glutamate represses production of actinomycin D in S.

parvulus even though a relatively high intracellular pool of L-glutamate is needed for actinomycin D

biosynthesis. Interestingly, the cells have the capacity to maintain high intracellular L-glutamate

concentration without affecting actinomycin D production. The authors showed that the carbon

skeleton of the intracellular glutamate was not derived from the extracellular glutamate, but rather

from fructose catabolism. In addition, a new intracellular pyrimidine derivative was detected whose

carbon skeleton and nitrogen was derived from exogenous L-glutamate. Theauthors suggest that this

and a second pyrimidine derivative that was derived from fructose, serve as nitrogen storage for

actinomycin D synthesis (Inbar and Lapidot, 1988). 

3.3.5.1 NITROGEN REPRESSION

'Nitrogen repression' of secondary metabolism refers to an inhibition of, reduction of, or delay

in onset of secondary metabolism by the presence of a readily catabolized nitrogen source (Braña

and Demain, 1988). This repression takes place also in the presence of a second, non-repressing

nitrogen source. However, it should be noted that the concentrations needed to elicit nitrogen

repression, usually by ammonium and some amino acids, is very high (10 - 120 mM). 

The regulation of nitrogen metabolism is best understood in entric bacteria (Magasanik,

1996). When entric bacteria are grown on media containing a high concentration of (~1 mM)

ammonia, NH4
+ can be directly incorporated into glutamate by glutamate dehydrogenase (GDH).

The high KM of GDH restricts this route to high ammonium ��������	�
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In contrast to other Gram-positive bacteria, streptomycetes contain at least two GS enzymes,

GSI (gnlA) which is similar to other bacterial GSs and GSII (glnII), a heat-labile octameric protein

that resembles the eucaryotic GSs. Expression of glnA and glnII are regulated by GlnR, a response-

regulator which positively regulates glutamine synthetase in S. coelicolor (Fischer, 1992) and

GlnRII, respectively (Weißschuh et al., 2000). GSI appears activated by adenylation (Fink et al.,

1999).

As has been discussed in chapter 3.3.3, excretion of organic acids in S. lividans can be

repressed by ammonium in the medium, while nitrate resulted in the excretion of up to 18% of the

total consumed carbon as organic acids which in turn affect differentiation. In contrast, Ahmed and

coworker (1984) report copious excretion of organic acids when S. venezuelae was grown on readily

utilizable nitrogen sources such as ammonium sulfate, urea and certain amino acids. Not surprising,

ammonium ions have also been reported to affect the production of numerous secondary metabolites

in different strains (Table 3.4.). For example, cephamycin C production by S. clavuligerus was

reduced by ammonium in a concentration-dependent manner whether or not other sources of

nitrogen, such as asparagine, were present in the medium (Aharonowitz and Demain, 1979). 
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Despite this and the many other examples listed in table 3.4, the effect of ammonium on the

production of secondary metabolites varies largely. Depending on the strain, the culture conditions

and the experimental procedures used, the effect of ammonium on secondary metabolite formation

can range from being inhibitory to stimulating and may very much depend on other growth-limiting

factors such as the carbon source, phosphate levels or the availability of trace elements or

ammonium trapping reagents (Omura and Tanaka, 1984). Evidence from several studies (reviewed

in Braña and Demain, 1988; Hodgson, 2000) indicate that the nitrogen source can influence the

formation of the enzymatic machinery for the production of secondary metabolites, and it can

reduce the activity of biosynthetic pathways. How this regulation is achieved remains to be

determined. 
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Results of a recent study on yeast (Palková et al., 1997) ascribe a new function to ammonium.

It may serve as a small volatile messenger for long-distance cell-cell communication. The authors

showed that yeast colonies, grown on amino acid containing medium, use directed pulses of

ammonia excretion to signaling colonies nearby. These ammonia pulses mediate the asymetrical

growth of two neighboring colonies by causing inhibition of growth of the facing parts of both

colonies. If a similar role for ammonium can be attributed to the differentiating colonies of

streptomycetes is currently being evaluated.

3.3.5.2 STRINGENT RESPONSE

Closely connected with nitrogen metabolism, especially to the amino acid availability, is the

stringent response, the adaptation of the cellular activities to nutrient depletion. Stringent response

is characterized by the immediate reduction of the overall rates of RNA and DNA synthesis, a

reduction in the rates for synthesis of proteins, carbohydrates, phospholipids, cell wall constituents,

and the uptake of low-molecular-weight precursors for these macromolecules. In contrast, stationary

phase genes or amino acid biosynthesis genes are induced (Lengeler et al., 1999). Figure3.6. depicts

the molecular events underlying the stringent response. Two genes, rel� 	�� 
��= 	��������
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Alternatively, severe starvation for carbon induces a RelA-independent route of ppGpp

formation. pppGpp synthesis can be induced through an unknown pathway involving SpoT (ppGpp

synthetase II activity). pppGpp is converted by 5'-phosphohydrolase (Gpp) to the active ppGpp

alarmoron. The turn over of (p)ppGpp is accomplished by a second activity of SpoT ((p)ppGpp 3'-

phosphohydrolase) hydrolyzing ppGpp to GDP. Finally, nukleoside 5'-diphosphate kinase (Ndk)

closes the cycle. 

In S. lividans and S. coelicolor a RelA/SpoT homologue (Rel) has been identified (Martínez-

Costa et al., 1996/1998). In contrast to the E. coli RelA protein, Streptomyces Rel is also capable of

degrading (p)ppGpp, a function associated with SpoT in E. coli, but Streptomyces Rel may not be

able to catalyze SpoT-like (p)ppGpp synthesis under carbon starvation suggesting that also a SpoT

homologue might be present in Streptomyces (Martínez-Costa et al., 1998). 

Stringent response has been implicated with triggering the initiation of secondary metabolism.

An inverse correlation was determined between intracellular accumulation of ppGpp and growth

rate (Strauch et al., 1991). A marked ppGpp accumulation occurs in S. coelicolor cultures upon

nutritional shift-down and entry into stationary phase, which coincides with the detection of
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transcripts for biosynthesis genes of the actinorhodin pathway. However, if stringent response is

induced by the addition of serine hydroxamate, a competitive inhibitor for seryl-tRNA synthetase,

ppGpp levels raise, but cells continue to grow for about two generations and secondary metabolism

is initiated only after cells have entered stationary phase (Strauch et al., 1991). A similar correlation

between ppGpp accumulation and secondary metabolism was reported for bioalaphos synthesis

(bar) in S. hygroscopicus (Holt et al., 1992). Initiation of secondary metabolism was observed in a

short hesitation phase (2 hours) during exponential growth at which the culture underwent dramatic

changes as indicated by an altered protein biosynthesis pattern, reduced levels of ATP and GTP,

increased ppGpp levels, and activation of brpA (regulator of bar genes) -controlled genes. 

Deletion of relA in S. coelicolor abolished ribosomal ppGpp synthesis and almost completely

abolished Act production while Red biosynthesis was not affected. In contrast, extra copies of relA

enhanced production of both antibiotics. Overproduction of actII-orf4, the actinorhodin pathway-

specific regulator (chapter 3.2.1.) in the Rel- background also restored Act production, a situation

that is reminiscent to the AbsA and AbsB phenotype (chapter 3.2.2.2) (Martínez-Costa et al., 1996).

In a more recent study using a different genetic background, the relA deletion in S. coelicolor

severely affected growth and morphological development. In addition, neither actinorhodin nor

undecylprodigiosin were produced, while CDA synthesis was not affected by lack of stringent

response (Chakraburtty and Bibb, 1997). The biosynthesis of Act and RED wereboth blocked at the

level of their respective pathway specific regulators, actII-orf4 and redD. However, these effects

were only observed in nitrogen-limited cultures. Both, wild-type and reA- strain grew normal and

produced secondary metabolites under phosphate-limited growth conditions (Chakraburtty and

Bibb, 1997; Kang et al., 1998). The authors conclude that an alternative, RelA-independent route

for ppGpp synthesis might exist that can activate stringent response under limitations other than

nitrogen.
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3.3.5.3 GTP-POOL

Closely linked with stringent response is the GTP pool, which in part serves as precursor

supply for ppGpp synthesis. The isolation and characterization of relaxed mutants of several

Streptomyces has led Ochi (1986; 1987a/b; 1988) to propose that morphological differentiation

results from a decrease in the GTP pool. Indeed, GTP-binding (G)-proteins in eucaryotes (e.g. the

Ras and Ras-like proteins) participate in numerous signal transduction processes such as hormonal

regulation of adenylate cyclase (Bourne et al., 1991). Much less is known about G protein-mediated

signaling in procaryotes. The best known procaryotic G protein may be Era of E. coli (Ahnn et al.,

1986; Johnstone et al., 1999). Genes of G proteins similar to Era, were identified in Streptococcus

mutans (sgp, Wu et al., 1995), Pseudomonas aeroginosa (pra, Chopade et al., 1997), P. putida

(flhF, Pandza et al., 2000) or in B. subtilis (obg, Welsh et al., 1994). Common to these G proteins is

that they are essential for growth and viability, their expression is regulated in response to stress

(starvation, heat/cold shock, entry into stationary phase, sporulation), and that they appear to be

membrane associated. G proteins can complement each other: SPG can complement a temperature-

sensitive E. coli era mutant (Erats) suggesting a common mode of action (Pillutla et al., 1995;

Johnstone et al., 1999 and references therein). Era of E. coli is the best studied bacterial G protein. It

is involved in diverse biological processes: In the temperature-sensitive E. coli era mutant,

temperature upshift to 42°C, resulted in Erats depletion, the depression of certain heat shock

proteins, an increased utilization of TCA cycle intermediates, increased pyruvate kinase I levels and

decreased (p)ppGpp levels (Lerner and Inouye, 1991). Evidence suggests that Era, probably together

with RNase III, is involved in RNA metabolism (Johnstone et al., 1999). 

G proteins have also been identified in Streptomyces. Several, specifically GTP-binding

proteins and at least one guanylylated protein have been detected in S. griseus (Itoh et al., 1996).

One of the GTP-binding proteins has been suggested to be an obg homologue which is essential for

growth (Okamoto et al., 1997; Okamoto and Ochi, 1998). Decreasing the GTP pool size by addition
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of decoyinie, an inhibitor of GTP synthesis, or increasing the Obg content of the cell 2-3 fold by

expression of obg from a high copy number vector supressed the morphological development only.

Secondary metabolism was not affected. The authors suggest that the balance between GTP and

Obg could be the signal to trigger cell development. As in Bacillus (Vidwans et al., 1995) Obg in its

GTP-bound form may stimulate growth and prevent morphological development. In contrast,

overexpression of obg in S. coelicolor resulted also in a reduction of Act production. Red formation

seems unaffected (Okamoto and Ochi, 1998). Reduction of the GTP ������������
�
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A study by Gaal and coworker (1997) showed that high ATP or GTP concentrations are

needed for E. coli ribosomal promoters (rrn P1) to stabilize the very short-lived complexes with

RNA polymerase and to initiate transcription. Six of the rrn P1 promoters needed about 10 times

more ATP for initiation than a control promoter, while one, rrnD P1, was sensitive to GTP

concentrations. The authors proposed a model according to which the nutritional state of the E. coli

cell, reflected by purine NTP pools, controls the rate of rRNA transcription. Transient imbalances

between NTP generation (respiration) and consumption (mostly protein synthesis: ATP for charging

tRNAs, GTP for tRNA binding to the ribosome) will result in a readjustment of the rRNA synthesis

in respect to translation and growth rate (Gaal et al., 1997). This model, however, was contradicted

by Petersen and Moller (2000) who found the NTP pool sizes largely invariant with growth rate in

the range from 0.5 to 2.3 generations/hour.

Whether the differentiation processes in Streptomyces are more directly controlled by NTP

levels, GTP in particular, or by ppGpp-mediated responses remains to be determined. Again, the

divergence among mutants of different Streptomyces strains make a direct comparison difficult.

Moreover, effects related to the nitrogen source and its metabolism such as repression by high

amonium ion concentration, may not be clearly separated from those of stringent response and GTP

pool. The situation becomes even more complicated since other nutrients and metabolites of the

primary metabolism and their regulation may distort results further, as examplified by the

supression of the relA- mutations under phosphate-limited growth conditions (chapter 3.3.5.2;

Chakraburtty and Bibb, 1997; Kang et al., 1999). Assuming that many such interactions may not be

known at present, interpretation of developmental phenotypes remains a formidable challenge.
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3.3.6 PHOSPHATE AND SULFUR

The effect of phosphate concentration on secondary metabolism has been demonstrated in

several studies to be highly dependent on the strain, the secondary metabolite and the basic

composition of the medium. The production of chlorotetracycline by S. aureofaciens and that of

oxytetracycline by S. rimosus is repressed in the presence of inorganic phosphate (Doskoèil et al.,

1959; McDowall et al., 1999). Low initial phosphate concentrations also supported higher Act

production in S. coelicolor (Liao et al., 1995).#

The best characterized phosphate-controlled system is the pho system of E. coli, which

encodes a set of genes required for phosphate uptake (Wanner, 1996 and references therein). 9����
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3.4 OTHER SIGNALS THAT TRIGGER DIFFERENTIATION

A large body of research has accumulated over recent years that describes various parameter

that change during growth and that may be implicated in triggering the developmental program in

Streptomyces. Some of these parameters are discussed in the following paragraphs.

3.4.1 CAMP

Cyclic AMP (cAMP) is one of the most common low-molecular-weight signaling molecules

in both eucaryotic and procaryotic microbes. It can serve either as an intracellular or as an excreted

intercellular signaling molecule. In E. coli, cAMP is known to relieve glucose repression (see

chapter 3.3.2.). Interestingly, about 98% of the cAMP is found in the medium, yet the biological

significance of this phenomenon in unknown (Crenon and Ullmann, 1984). Increased cAMP levels

have been reported to enhance morphological development and the production of secondary

metabolites in Streptomyces. For example, mycelial growth in S. hygroscopicus appears to be

cAMP-regulated by increasing the rate of synthesis of protein, DNA, RNA, and by reversing the

phosphate-induced inhibition of turimycin biosynthesis (Gersch, 1979). Similar effects were

reported for S. alboniger during morphogenesis (Surowitz and Pfister, 1985b). In S. fradiae, the

addition of chloroquine, a drug that stimulates adenylate cyclase activity and hence increases cAMP

level, has been shown to significantly increase the rate of synthesis of tylosin and the cellular level

of DNA (Colombo et al., 1982; Tata and Menawat, 1994). But again, the observed effects greatly

depend on the nutrients provided with the medium. 

Stimulation of secondary metabolism could result from increased levels of ��+G ���
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3.4.2 REDOX

Several examples for redox-dependent gene expression have been found in bacteria. Recent

examples for redox-dependent gene expression include that of the dimethyl sulfoxyde reductase

(dor) (Mouncey and Kaplan, 1998a/b) and the cbb3 cytochrome oxidase induction under limited-

oxygen conditions in Rhodobacter spheroides (Mouncey and Kaplan, 1998c). There are reports

about similar oxygen or redox-sensing circuits that govern gene expression in streptomycetes (Zou
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et al., 1999) yet it remains to be shown whether this redox potential does influence differentiation

and secondary metabolism. Such a system might, for example, respond to the changed demand on

reduced cofactors for polyketide biosynthesis. 

3.4.3 STRESS - OSMOTIC / HEAT SHOCK / OTHER

Analysis of heat shock response throughout the growth of a differentiating culture of S.

coelicolor showed that each growth phase has a specific heat shock response, demonstrating that

cells are in distinct physiological stages. In addition, during the growth phase in which actinorhodin

production starts many heat shock proteins (HSP) could be induced either developmentally or by

thermal stress, implying that induction of these stress regulons share common control elements

(Puglia et al., 1995). Furthermore, a more detailed study in this strain on the effect of stress induced

by heat, cold, salt, ethanol, or antibiotic shock revealed that each stress condition invoked a distinct

set of HSPs, suggesting an independent control by the different physiological stresses (Vohradsky et

al., 2000). A model for stress response in Streptomyces coelicolor has been proposed (Figure 3.8.):

Stress stimulons contain unique nonoverlapping groups of proteins (Stimulons), presumably

reflecting the role of independent regulators. Subsets of heat, salt, and cold shock proteins had

similar patterns of synthesis as a function of development, suggesting that corresponding stress

regulators were functional during growth. In addition, the observation that many members of two

different stress stimulons (heat and salt shock) had related patterns of synthesis during development

suggested that their corresponding stress-specific regulators were under the control of a common

signal from a higher-level regulator. The existence of this regulatory cascade involving stress

stimulons suggests that corresponding regulatory systems may play a role in mediating

developmental switches. There may also be alternative developmental pathways that bypass these

stress circuits.  The proposed common regulatory elements are still unknown, as are the reasons why

some stress responses are more similar to the#�����������	���#
�����#���������#��	�#�������
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A gene, sgaA (supression of growth disturbance caused by A-factor at high concentration and

high osmolarity during early growth), has recently been identified in S. griseus. sgaA is required for

normal growth at high osmolarity (Ando et al., 1997b). Strain HH1 carries a large deletion that

includs afsA (A-factor synthesis). HH1 requires A-factor for normal morphological and

physiological development, supplied either as addition to the medium or by cloning and expression

of afsA gene. Growth defects were observed when this strain was grown on media containing high

concentrations of sucrose, sorbitol, mannitol, KCl� ��$	8�� ��
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�
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3.4.4 POST-TRANSCRIPTIONAL REGULATION OF DIFFERENTIATION

Two genes, encoding for RNases have been mentioned earlier. OrnA of S. griseus represents a

AdpA-dependently expressed oligoribonuclease (chapter 3.2.2.1) that is needed for vegetative

growth and the initiation of differentiation (Ohnishi et al., 2000), while AbsB, identified in S.

coelicolor, represents an RNase III homologue that may be regulating RNA translation (chapter

3.2.2.2; Price et al., 1999).

The ribosome itself can be implicated in regulation at the level of translation. For example, S.

lividans TK21 is impaired in the production of secondary metabolites. The steptomycin-resistant

mutant strain, TK24, however, is capable of producing actinorhodin. Genetic analysis revealed that

a point mutation (str-6) in the rpsL gene, encoding the ribosomal protein S12, changing Lys88 to

Glu, had rendered the strain streptomycin resistant and conferred the ability to make actinorhodin

(Shima et al., 1996b). In addition, this mutation also suppressed the RelA- phenotype. The authors

suggest that binding of streptomycin changes the ribosome structure which induces translation

rather than on misreading of mRNA codons, a well characterized effect of streptomycin (Ruusala

and Kurland, 1984).#

4. BIOTECHNOLOGICAL ASPECTS OF SECONDARY METABOLITE PRODUCTION

Biotech and pharma industries struggle to find new bioactive molecules to treat an increasing

number of multidrug-resistant pathogens or to find treatments for diseases for which adequate

32



treatment is not yet available (e.g. Huang et al., 1999). The classical routes are based on either the

isolation of new organisms (for review Hunter-Ceveraand Belt, 1999) and to analyze their products,

or on semi-synthetic drugs based on biologically produced synthons that are further modified

chemically. However, in recent years a paradigm shift is taking place from the traditional

approaches to new approaches that are driven by the advances in the field of bioinformatics.

Databases for DNA, RNA and proteins enable reverse genetics approaches for the isolation of genes

encoding interesting functions, for the identification of new targets for drug screening and design,

and for studying gene expression and physiology. Databases such as EcoCyc

(ecocyc.PangeaSystems.com/ecocyc/ecocyc.html) or KEGG (www.genome.ad.jp/kegg/) can provide

information for putative pathways in secondary metabolism that can lead to improved bioprocesses.

Several examples are discussed in more detail in a recent review by Bull and coauthors (2000).  

Another approach, that in part complements the classical strategies, is to redesign pathways

for the production of secondary metabolites in order to generate novel compounds in vivo. The tool

for genetic engineering approaches are available (Baltz and Hosted, 1996). While this approach has

been demonstrated to work for aromatic polyketides� �	����
���� 	�� ���-�
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5. CONCLUSIONS AND PERSPECTIVES

After reviewing the current state of the regulatory aspects in actinomycetes, it became clear

that due to the complexity of the regulatory networks and the differences between even relatively

closely related strains, no general model can be developed so far. Already regulation one level

above the pathway specific activation of secondary metabolism is largely unknown. An attempt to

combine the more general regulatory interactions between primary and secondary metabolism and

stress responses in a graphic representation is shown in Figure 5.1. Looking at this network, it will

be of great importance to find some central nodes that integrate the various potential signals sensing

environmental factors and nutritional states of the cell. AdpA may be one such node that receives a

;<



signal, A-factor, and sends out a signal that activates several cellular responses needed for

morphological and physiological differentiation (chapter 3.2.2.1.). But the reverse must exist too, a

receiver that can be triggered by different signals, individually or in combination, and then invoking

always the same response, such as switching on a pathway for secondary metabolites. PhoB, the

regulator of the E. coli phosphate uptake system, represents such a node (chapter 3.3.6.). Some

pathway specific regulators (chapter 3.2.2.2.) may also possess such qualities. 

Related to the regulation of secondary metabolism is the question of the function of secondary

metabolites in nature. Removal of surplus primary metabolites, e.g. proline into

undecylprodigiosine, or the role in defending the mycelium against attacks by other organisms have

been discussed. Spore pigments may protect against light induced damage, while other metabolites

may play a role in signaling presence of symbiotic partners (Demain, 1989). These information

should help us understanding extracellular aspects of regulation that are not obviously related to

nutrition.

Any regulatory network for cell development will remain incomplete if the networks from

both, the primary and the secondary metabolism are not cointegrated. Currently only fragments of

various signaling pathways have been elucidated, best understood is the A-factor mediated

regulation of differentiation in S. griseus (chapter 3.2.2.1.), but parallel routes controlling

morphogenesis exist (ram and amf, chapter 3.2.2.2.) that have not been integrated into the models.

For most of the well established bld-signal cascade, the genetic and/or molecular mechanism is

unknown and yet less is known about ligands and targets of the numerous sensor kinases and

response regulator pairs and other genes. 

In addition, our current understanding of the primary metabolism of actinomycetes is similarly

rudimentary. Regulation of only a limited number of key enzymes has been studied and the data

available hardly suffice to deduce a regulatory network for the main routes of the central

metabolism.

However, it can be expected that the DNA sequence information derived from the S.
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coelicolor sequencing project will provide some long awaited answers. With the DNA sequence

available, a new era for Streptomyces research will commence, in which one will have to revoke the

traditional way of looking at Bacillus to find answers on newly discovered genes in Streptomyces.

Already many examples exist in which genes of a Streptomyces were more similar to homologes

found in eucaryotes than to those found in bacteria; some of the two-component systems are one

example. It will also be important to remember that actinomycetes are soil inhabiting saprophytic

organisms that are exposed to foreign DNA of diverse origin which may be acquired and integrated

into their genome. This might explain and/or provide further insight into their diversity.

In addition to the genetic information, more detailed physiological studies are needed. Even

though the current paradigm for the cell entering differentiation is an imbalance in nutrient supply

(C:N:P ratio), the involvement of regulation by stringent response, phosphate and/or nitrogen

remains largely circumstantial. It would be particularly useful if studies were conducted under

conditions where distinct effects can be studied. For example, phosphate, ammonium and glucose

have pronounced effects on gene expression, mediate catabolite repression and influence secondary

metabolism. Eliminating the effect of one or better two components would permit a better

understanding of regulation by the other(s). It would certainly help if strains of a similar genetic

background could be used. Currently, a wide range of fairly diverse strains are analyzed for their

metabolic and regulatory properties, which certainly slows down progress in understanding the

global aspects on metabolism and regulation. 

For our contribution to the ongoing efforts to understand regulatory aspects of secondary

metabolism, we use a strain, S. coelicolor WM2303, derived from strain CH999, and a chemically

defined medium that permit a detailed analysis of the broth to monitor changes in the environment

and to analyze Act production. A protocol for reproducible cultivations, even in a micro-scale

(Minas et al., 2001) has been developed for parallel cultivations evaluating putative trigger signals.

Since glutamate is used as sole source of carbon and nitrogen, we largely avoid the combination of

effects from glucose, ammonium, and phosphate repression. 

; 



With the S. coelicolor genome sequenced, it remains to be seen, if ORFmer arrays will

become available for transcriptom analysis which would certainly be a great asset for future studies. 
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Minas, W. 2003 (submitted). Glucose-independent excretion of organic acids precedes actinorhodin
production in Streptomyces coelicolor liquid cultivations.
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