








However, using scanning electron microscopy, it 
was observed that instead of having a ‘basketwork of 
paired rodlets’ surface ultrastructure that is charac-
teristic of the wild-type spores (FIG. 3c), the rdl-null 
mutant possesses a disordered network of fine fila-
ments33,35,37. It therefore seems likely that the chap-
lin filaments are organized into the larger ‘rodlet’ 
ultrastructure by the rodlins (FIG. 3c). In support of 
this view, the spores of another species, Streptomyces 
avermitilis, the wild type of which lacks the rodlin 
genes but nonetheless undergoes normal develop-
ment, have a surface ultrastructure that is similar  
to that of an rdlA and rdlB mutant of S. coelicolor 37.

Unresolved upstream signalling. The production of the 
chaplins and SapB is a key step in the initiation of cellular 
differentiation in S. coelicolor. However, the signalling 
pathways that lead to their expression are still poorly 
understood. The response regulator RamR directly 
activates the genes for SapB production and export, but 
ramR has no genetically linked cognate sensor kinase 
gene, and nothing is currently known about the regula-
tory mechanisms that directly govern ramR transcrip-
tion, which is upregulated at the onset of aerial mycelium 
formation25. Similarly, little is known about the upstream 
regulation of the chaplins.

A number of genes that are required for aerial 
hypha formation have been identified, many of which 
have been given a bld (bald) designation because the 
mutants lack the characteristic fuzzy colony mor-
phology of the wild type. However, how these genes 
interact to bring about aerial mycelium formation is 
largely obscure. SapB and chaplin production on rich 
medium requires almost all of the bld genes so far 
tested21,22,26,32, and constitutive overexpression of ramR 
restores SapB production and aerial mycelium forma-
tion to all S. coelicolor bld mutants26, implying that bld 
gene action culminates in the production of SapB. A 
hierarchical extracellular signalling cascade has been 
proposed based on the ability of some bld mutants to 
partially restore aerial mycelium formation in other 
bld mutants when grown close together22,38, and one 
of the putative signalling molecules has been charac-
terized as a 655 Da oligopeptide that is re-imported 
by an oligopeptide ATP-binding cassette transporter 
encoded by the bldK locus38,39. However, most char-
acterized bld genes encode transcription factors and 
not obvious determinants of signal production or 
importation, and so must have more indirect roles, for 
example in signal perception and/or transduction.

The A‑factor cascade in S. griseus. Compared with 
S. coelicolor, the signalling pathway that leads to the ini-
tiation of aerial mycelium formation in S. griseus is well 
understood. Central to this pathway is the hormone-
like γ‑butyrolactone signalling molecule A‑factor (FIG. 4). 
In streptomycetes, γ‑butyrolactones are widely pro-
duced, but their roles vary from species to species40–42. 
In S. coelicolor, for example, γ‑butyrolactones have an 
important role in the control of antibiotic biosynthe-
sis but do not seem to be involved in differentiation42, 
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Figure 3 | Model for the role of the chaplins and SapB in morphogenesis.  
a | The long chaplins (ChpA, ChpB and ChpC) are exported through the Sec 
(secretory) system and become covalently attached to the cell wall of the aerial 
hyphae by a sortase enzyme through a carboxy‑terminal sorting signal. The central 
domain of the long chaplins spans the peptidoglycan layer and the tandem, 
C‑terminal, hydrophobic chaplin domains lie on the cell-wall surface. The short 
chaplins (ChpD–H; also exported through the Sec system) consist of a single 
chaplin domain and are proposed to heteropolymerize with the long chaplins to 
form extended hydrophobic chaplin filaments on the cell surface, and the 
filaments are consequently anchored to the cell wall. b | SapB (spore-associated 
protein B) is secreted during the vegetative phase of development, and the 
evidence suggests that it acts as a surfactant, coating both the nascent aerial 
hyphae and air–water interfaces to facilitate the emergence of aerial filaments 
into the atmosphere. The chaplins and rodlins are secreted and polymerize to form 
the hydrophobic sheath around the aerial hyphae, further facilitating escape into the  
air. c | The chaplin filaments are organized into higher-order structures by the rodlins  
(RdlA and RdlB) to produce the characteristic ‘basketwork of paired rodlets’ 
ultrastructure observed on the surface of Streptomyces coelicolor spores and aerial 
hyphae. Parts a and b are modified, with permission, from REF. 16  (2008) American 
Society for Microbiology. Part c is reproduced, with permission, from REF. 34  
 (2008) American Society for Microbiology.
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g-butyrolactones
A class of hormone-like 
signalling molecules made by 
streptomycetes. 
g-butyrolactones are similar in 
structure to the homoserine 
lactones that are involved  
in quorum sensing in 
Gram-negative bacteria. 

Grixazone
A yellow secondary metabolite 
that contains a phenoxazinone 
chromophore made by 
Streptomyces griseus.

perhaps reflecting the wide separation of S. coelicolor 
and S. griseus in Streptomyces phylogeny41. In S. griseus, 
A-factor exerts its effects on differentiation through a 
master regulator called AdpA (FIG. 4), a transcriptional 
activator of the AraC family41,43–45. During vegetative 
growth, the A‑factor receptor protein, ArpA, blocks the 
transcription of adpA. Accumulation of A‑factor and 
its interaction with ArpA lead to the derepression of  
adpA expression and the subsequent activation of  
the AdpA regulon (FIG. 4). Direct targets of AdpA include 
genes that encode key proteins in morphological differen-
tiation, such as σAdsA, an ECF sigma factor that is required 
for aerial mycelium formation46, SsgA, a protein that 
strongly influences septum formation47, and AmfR, the 
response regulator that controls expression of the adjacent 

SapB biosynthetic operon, amfTSBA48 (FIG. 4). Thus, 
A‑factor accumulation leads directly to the activation  
of key developmental functions, including the synthesis of  
the surfactant peptide SapB.

Although the role of A‑factor in differentiation is not 
conserved in S. coelicolor, many elements of the signal-
ling pathway are conserved and are important for differ-
entiation in both S. coelicolor and S. griseus. amfRTSBA 
is equivalent to S. coelicolor ramRCSAB31,48,49 and ssgA is 
vital for septum formation during sporulation in both 
species50,51. Furthermore, the orthologue of adpA in 
S. coelicolor is bldH52, the orthologue of the sigma-factor 
gene adsA in S. coelicolor is bldN 53,54 and each is required 
for aerial mycelium formation in its respective species. 
However, bldH is not under g-butyrolactone control in 
S. coelicolor, and BldH does not seem to regulate bldN52,55.  
Similarly, the amfTSBA promoter is repressed by BldD 
in S. griseus, but BldD does not regulate the equivalent 
ramCSAB promoter in S. coelicolor49, emphasizing that 
the ‘wiring diagrams’ which connect the key develop-
mental genes in the two species are not necessarily the 
same. This divergence seems to arise through the gain 
and loss of regulatory binding sites from the promoters 
during evolution, in a manner that is analogous to the 
evolution of many developmental differences in genera 
of higher organisms56.

Differentiation of aerial hyphae into spores
After aerial hyphae are erected, they can enter a devel-
opmental programme that involves the reorganization 
of several fundamental growth and cell-cycle processes, 
which leads to differentiation of the apical cell into a chain 
of spores. Some of the key regulators required for this 
differentiation in S. coelicolor have been identified and 
thoroughly discussed in previous reviews (BOX 1). Here we 
focus primarily on the cell biology of sporulation.

Sporogenic aerial hyphae switch from extension to  
septation. Aerial hyphae initially carry apical DivIVA foci, 
grow by tip extension and lay down occasional hyphal 
cross-walls that look like those that are found in vegeta-
tive hyphae14,57. During the initial stage of aerial hyphal 
development, a long, non-septated, apical compartment 
develops that will become a chain of spores. For clarity, we 
refer to this differentiating apical compartment as the spo-
rogenic cell. Visualization of active replisomes using EGFP 
fused to a subunit of DNA polymerase III (DnaN–EGFP) 
indicates that sporogenic cells exhibit a high level of DNA 
replication58: 50 or more copies of the chromosome can be 
produced in each sporogenic cell. The sporogenic cell will 
then arrest extension and initiate synchronous, multiple 
cell divisions (FIG. 5). This switch from elongation to divi-
sion requires whiA and whiB (BOX 1), but the nature of the 
switch remains unclear57. The small integral membrane 
protein CrgA might also influence the coordination of 
aerial hyphal extension and septation, possibly by inhib-
iting cell division until the correct moment59,60. The crgA 
gene is present near the origin of replication in all actino-
mycete genomes61, but the exact mode of action of CrgA 
and the function of its orthologues in non-sporulating 
actinomycetes remain to be investigated.
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Figure 4 | The A‑factor signalling cascade triggers morphological differentiation 
and secondary metabolism in Streptomyces  griseus. AdpA is a master 
transcriptional activator in the A-factor signalling cascade. During vegetative growth, 
expression of adpA is blocked by the A‑factor receptor protein, ArpA, which acts as a 
repressor. Accumulation of A‑factor leads to derepression of adpA expression and the 
subsequent activation of the AdpA regulon. Direct targets of AdpA include genes that 
encode key proteins in morphological differentiation, such as σAdsA, a sigma factor that is 
required for aerial mycelium formation, SsgA, a protein of unknown biochemical function 
that has an essential role in sporulation septation, and AmfR, the response regulator that 
activates expression of the SapB biosynthetic operon. Loss of A‑factor production  
in S. griseus (for example, through mutation in afsA, which encodes the key enzyme in 
A‑factor biosynthesis134) blocks not only differentiation, but also the production of its 
characteristic secondary metabolites, including streptomycin, grixazone and the hexahy-
droxyperylenequinone (HPQ) polyketides43–45,135,136. This mechanism has been fully 
elucidated for streptomycin, in which AdpA directly activates the transcription of strR, 
encoding the pathway-specific activator of the streptomycin biosynthetic gene cluster. 
However, the signalling cascades that trigger A‑factor-dependent synthesis of grixazone 
and HPQ are still uncertain. Figure is modified, with permission, from REF. 43  (2007) 
Japan Society for Bioscience, Biotechnology and Agrochemistry.
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Hexahydroxyperyl-
enequinone
(HPQ). A polyketide secondary 
metabolite made by 
Streptomyces griseus that 
readily autopolymerizes to 
form HPQ melanin. 

Hyphal cross-wall
An infrequent vegetative 
septum observed in substrate 
hyphae and occasionally in 
aerial hyphae. Hyphal 
cross-walls are not associated 
with constriction and cell 
separation (in contrast to 
sporulation septa).

sB-like stress response 
sigma factor
A sigma factor that is closely 
related, phylogenetically and 
functionally, to sB, which 
controls the general stress 
response in Bacillus subtilis.

Z ring
A ring of the cytoskeletal 
tubulin-like protein FtsZ that is 
formed at the beginning of 
cytokinesis and defines the site 
of cell division.

Developmentally controlled cell division. Next, the spo-
rogenic cell is divided by a developmentally controlled 
form of cell division — sporulation septation. Like the 
vegetative type of cell division that leads to hyphal cross-
walls, sporulation septation is directed by the bacterial 
tubulin homologue FtsZ13,62. In virtually all bacteria, 
FtsZ assembles into a cytokinetic ring, the Z ring, which 
defines the site of division and recruits other cell-division 
proteins63. As determined from the S. coelicolor genome 
sequence, and from experimental data, these proteins 
probably include FtsW, FtsI, FtsL, FtsQ and DivIC23,64–66, 

which in E. coli and B. subtilis are recruited to the divi-
sion site when a stable Z ring is in place and seem to 
constitute a link between the Z ring and the peptidog-
lycan biosynthetic machinery67. Proteins that contrib-
ute to the assembly of the Z ring or its anchoring in the 
membrane in E. coli and B. subtilis (FtsA, ZipA, ZapA, 
ZapB, EzrA, SpoIIE and SepF) all seem to be absent from 
streptomycetes (with the possible exception of SepF, for 
which there is a putative homologue). By contrast, in 
mycobacteria, FtsZ interacts directly with the transmem-
brane protein FtsW through oppositely charged regions 

 Box 1 | Genes that specifically affect the sporulation of aerial hyphae in Streptomyces coelicolor

Several genes that are required for the sporulation of aerial hyphae have been defined using S. coelicolor mutants that 
fail to produce the grey spore pigment, and instead yield white (whi) or light-grey colonies with aerial hyphae that are 
arrested at different developmental stages. A summary of the genes that are associated with the Whi phenotypes is 
provided below and in refs 16,61,115–118.

whiG
whiG encodes an RNA polymerase sigma factor. whiG mutants arrest development at the earliest stage of aerial hyphal 
sporulation, and σWhiG may be a key regulator of the commitment of aerial hyphae to sporulation. Transcription of whiG is 
repressed by BldD. Only two direct σWhiG target genes are known: whiI and whiH.

whiH
whiH encodes a member of the GntR family of repressors. Although whiH mutants have reduced spore pigmentation and 
make mostly undifferentiated aerial hyphae, some spore-like but poorly septated hyphal fragments are generated with 
condensed but irregularly partitioned nucleoids. WhiH seems to be autoregulatory, but no other targets are known.

whiI
whiI encodes a response regulator. However, WhiI lacks aspartate and lysine residues that are highly conserved in the 
phosphorylation pockets of conventional response regulators and no cognate histidine kinase has been identified. Null 
mutants make no sporulation septa and, unlike whiH mutants, show no sign of nucleoid condensation. A transcriptome 
analysis of whiI mutants has been reported, but no direct WhiI targets have been identified119.

whiA
whiA constitutes, together with whiB, a whiG-independent converging pathway that controls sporulation in aerial 
hyphae. Orthologues of whiA are ubiquitous among Gram-positive bacteria, but no functional analysis has been 
reported, except in Streptomyces. WhiA and other members of the Pfam family Duf199 are predicted to fold and bind 
DNA in a manner similar to homing endonucleases, but to lack endonuclease activity, suggesting they might be 
transcription factors120,121. whiA and whiB mutants have seemingly identical phenotypes: both fail to arrest the extension 
of aerial hyphae and therefore produce long, tightly coiled aerial filaments that never initiate sporulation septation.

whiB and whiD
whiB and whiD encode members of the Wbl (WhiB-like) family of actinobacteria-specific proteins, of which WhiB is the 
founding member122,123. Wbl proteins have diverse, important roles in mycobacterial and Streptomyces biology. They are 
small (81–122 residues), and have four invariant cysteines that bind an oxygen-sensitive [4Fe–4S] cluster124–126. The 
biochemical role of Wbl proteins is controversial: they might function as transcription factors or they might be disulphide 
reductases125,127.

sigF
sigF encodes one of nine σB-like stress response sigma factors in S. coelicolor. Mutations in sigF seem to affect prespore 
maturation specifically, giving rise to irregular, thin-walled spores with uncondensed nucleoids. No direct σF targets are 
known, but expression of one promoter in the whiE cluster depends on sigF. Among the other σΒ-like sigma factors, σΗ 
and σΒ affect both development and stress responses. The developmental role of σΝ is discussed in the main text.

whiE
whiE is a complex locus of eight genes that is transcribed late in sporulation.  whiE specifies the synthesis of the grey 
polyketide spore pigment, which is extremely valuable for genetic analysis of sporulation.

ssgA and the SALP genes
ssgA and the SALP genes encode small acidic proteins that are found only in streptomycetes and a few other 
actinomycetes. Streptomyces genomes typically encode 6–7 paralogous SALPs (SsgA-like proteins). Their biochemical 
function remains obscure, but several of them affect cell division or specific stages of spore development128.
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in the C‑terminal tails of the proteins, thereby provid-
ing a possibly stabilizing membrane anchor for the  
Z ring68,69. Recent data also support a role for a putative 
FtsW–FtsI complex in Z‑ring assembly in S. coelicolor66. 
Studies in other bacteria have identified mechanisms 
that control the formation of the Z ring relative to the 
cell poles (the Min system in E. coli and B. subtilis and 
MipZ in Caulobacter crescentus) or the nucleoid (Noc- or 
SlmA-mediated nucleoid occlusion)70–73. However, strep-
tomycetes seem to lack these systems and no equivalent 
mechanisms have been identified.

In the absence of known FtsZ assembly factors, it is 
unclear how the formation of a ladder of multiple Z rings 
distributed at ~1.3 µm intervals62 along the length of the 
sporogenic cell is regulated. One prerequisite is that ftsZ 
expression has to be strongly upregulated, and this is met 
by a developmentally controlled, aerial hypha-specific 
promoter, the activity of which is required for sporu-
lation74,75. Indeed, mutants that lack whiA, whiB, whiG, 
whiH or whiI (BOX 1) fail to upregulate this ftsZp2 pro-
moter, which might provide one explanation as to why 
these mutants fail to make sporulation septa74. The burst 
of ftsZ transcription probably leads to a cellular level of 
FtsZ that is far above the crucial concentration needed 

for polymerization. FtsZ therefore polymerizes to form 
helical filaments along the sporogenic cell (FIG. 5), and 
these filaments are then remodelled into regularly dis-
tributed rings76. The assembly pathway for Z rings dur-
ing vegetative cell division in B. subtilis and E. coli also 
involves the dynamic remodelling of FtsZ helices into 
rings, and the two bipolar Z rings that occur at an early 
stage of B. subtilis sporulation are formed from migrating 
FtsZ helices77–79. Furthermore, E. coli FtsZ can assemble 
into helices and contractile rings in tubular liposomes 
in vitro when fused to a suitable membrane target-
ing sequence80. Taken together, these findings suggest 
that the ability to form dynamic helices should be an 
inherent property of FtsZ in Streptomyces spp. But what 
makes the helices coalesce into stable rings at regularly 
spaced intervals?

The identification of missense mutations in ftsZ 
that specifically disrupt sporulation septation but leave 
hyphal cross-wall formation largely unaffected suggests 
that there are special requirements for Z‑ring assembly 
during sporulation81. This may involve interactions with 
proteins that are dispensable for vegetative division, and 
a number of gene products have been identified that 
specifically influence sporulation septation. However, 
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Figure 5 | Reorganization of cell biological processes during differentiation of aerial hyphae into spores.  
a | Orchestration of cell-wall assembly and cell division. Aerial hyphae grow by tip extension and carry apical assemblies of 
DivIVA. Formation of an apical sporogenic cell (which is often coiled and is typically longer than that shown in this 
simplified schematic) involves the arrest of growth. FtsZ assembles into helical filaments, which are remodelled into the 
regularly spaced Z rings that direct sporulation septation. After completion of septa, prespores assemble thick spore walls, 
which requires the bacterial actin MreB. Initially, MreB localizes to the closing septa, but then spreads out around the 
developing spore. b | Chromosome segregation. The ParA ATPase is first found at the tips of young aerial hyphae, and then 
forms helical filaments along the sporogenic cell. ParB assembles into nucleoprotein complexes at the chromosomal oriC 
regions. Distribution of such ParB–oriC foci along the sporogenic cell appears to be driven by ParA. Septal ingrowth starts 
over unsegregated nuclear material, and the FtsK DNA translocase is targeted to division sites and helps to clear DNA 
from the closing septa. Finally, the nucleoids condense in the maturing spores.
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Walker A cytoskeletal 
ATPase
A group of Walker ATPases that 
possess a distinct version of 
the Walker A motif that 
deviates from the universal 
consensus. These proteins 
share structural similarity with 
P‑loop GTPases and are 
recognized as members of the 
GTPase superfamily.

it is not yet known whether these proteins act directly 
on FtsZ, on other parts of the division machinery, or 
more indirectly, for example by controlling the expres-
sion of other genes. First, crgA in S. coelicolor seems to 
inhibit the assembly of FtsZ into regular rings when 
overexpressed60. Second, deletion of whiD (BOX 1) in 
S. coelicolor results not only in fewer spore chains, but 
also in striking irregularities in the spacing and shapes 
of septa and the formation of nucleoid-free minicom-
partments82. WhiD belongs to an actinobacteria-specific 
protein family with unclear biochemical function, the 
members of which affect a range of different processes 
(BOX 1). Third, the small cytoplasmic protein SsgA (BOX 1) 
has been implicated in positive control of cell division in 
both S. griseus and S. coelicolor, but does not seem to be 
part of the divisome itself 83,84. The ssgA gene is develop-
mentally upregulated and is required for spore forma-
tion47,50,51,83. Importantly, ectopic overexpression of ssgA 
stimulates cell division and increases fragmentation of 
the substrate mycelium50,83,85. There are six other ssgA 
paralogues in S. coelicolor and at least three of these also 
affect formation or positioning of sporulation septa86,87. 
However, the biochemical function of the Ssg family is 
unknown (BOX 1).

Segregation of chromosomes into prespore compartments.  
The sporogenic cell can contain 50 or more copies  
of the linear chromosome, initially as continuous nuclear 
material that runs along the length of the cell. The DNA 
then segregates into unigenomic spores, but complete 
partitioning into individual nucleoids does not occur 
until the final stages of septation2. The orderly position-
ing and segregation of chromosomes during sporulation 
involves at least two systems: ParAB and FtsK. S. coeli-
color parAB is similar to many other bacterial chromo-
some and plasmid partitioning loci, and encodes the 
Walker A cytoskeletal ATPase ParA and the DNA-binding 
protein ParB, which binds specifically to parS sites6,88. 
Mutants that lack one or both genes produce ~15% of 
their spores with irregular DNA content, but have no 
other overt defects89,90. The parAB operon has two pro-
moters, one of which is strongly upregulated in sporo-
genic hyphae in a manner that is dependent on several 
early whi genes91. By binding to ~20 parS sites centred 
around oriC, ParB assembles into large nucleoprotein 
complexes that are visible as foci in strains that carry 
a ParB–EGFP fusion protein92,93. Such foci become 
regularly distributed along the sporogenic cell, and cell 
division occurs between them, resulting in the forma-
tion of prespore compartments that each carry a single 
ParB focus at their centre and presumably a single chro-
mosome (FIG. 5). ParA assists in the formation of ParB 
complexes on DNA and in the regular distribution of 
ParB foci90. The assembly of ParB foci coincides with 
the formation of helical filaments of ParA that seem to 
originate at the tip and spread down the sporogenic cell, 
but these filaments disappear before septation90 (FIG. 5). 
Mutation of a conserved lysine in the Walker A motif 
of ParA, which is involved in ATP binding, leads to a 
similar genome segregation phenotype as the deletion 
of parA. Thus, dynamic ParA filaments may provide the 

force to move and position the ParB foci, and thereby the  
chromosomal oriC regions, at regular intervals along  
the sporogenic cell. This is intriguingly similar to the 
way in which a plasmid-borne ParAB system can dis-
tribute multiple plasmid copies at regular intervals along 
the E. coli cell94.

Mutants that are defective in chromosome parti-
tioning often have irregularly sized spores, indicating 
that chromosome segregation influences the placement 
of Z rings and sporulation septa89,95. A parA mutation 
results in 16% nucleoid-free minicompartments of <0.7 
µm and an increased occurrence of long compartments 
(more than 2 or even 3 µm; normal prespores are 1.3 
± 0.3 µm)90. Such minicompartments account for 0.3%  
of the compartments in the wild-type parent, but 10% of  
the compartments in a parB mutant90. This implicates the  
ParAB system in the spatial control of septation. 
Furthermore, the fact that a parA mutant has a more 
severe defect in septum spacing than a parB mutant 
suggests either that ParA has a specific role in the 
coordination of cell division and nucleoid partition-
ing or that misplaced ParB foci (as observed in a parA 
mutant) have a stronger effect on cell division than the 
complete absence of ParB90.

Sporulation septa constrict over unsegregated 
nucleoids2, which means that a mechanism is needed 
to remove DNA from the closing septa. An FtsK 
DNA translocase can now be assigned to this func-
tion96. S. coelicolor FtsK is localized to sporulation 
septa (FIG. 5), but is not required for Z‑ring assembly 
or sporulation septation96,97. Importantly, ftsK-null 
mutants show increased genetic instability: after 
sporulation, around 20% of ftsK-null mutant colonies 
were shown to have an abnormal appearance that cor-
related with the appearance of large deletions near the 
termini of the linear chromosome. Of the abnormal 
strains that arose from the ftsK mutant, 71% carried 
large deletions near one or both chromosomal termini, 
and some deletions removed more than 10% of the 
chromosome96. Genomic instability in Streptomyces 
species is a well-documented phenomenon that typi-
cally involves these kinds of large terminal deletions98. 
Furthermore, ftsK mutants frequently have irregular 
DNA content in their spores97. These findings are con-
sistent with a role for FtsK in pumping DNA through 
septa, so that failure of FtsK-mediated segregation 
traps the chromosome in the septum and consequently 
causes genome rearrangements, such as deletions near 
chromosomal ends. In E. coli, FtsK shows directional-
ity of DNA transfer; the FtsKγ domain interacts with 
short asymmetric DNA sequence motifs called KOPS 
(FtsK-orienting polar sequences), which are posi-
tioned around the ter region of the chromosome and 
promote the translocation of FtsK towards ter 99. This 
directionality ensures correct positioning of chromo-
somes in relation to the FtsK-interacting XerC and 
XerD recombinases that act on specific sites in the ter 
region and resolve chromosome dimers99. In S. coeli-
color, the γ-domain is conserved in FtsK, and KOPS-
like sequences are found preferentially on the leading 
strands towards the chromosome ends100. Thus, FtsK 

R E V I E W S

44 | january 2009 | Volume 7	  www.nature.com/reviews/micro



can position and transport the arms of the linear chro-
mosome correctly in relation to the septa. It remains 
to be seen whether Streptomyces FtsK interacts with 
any chromosome-resolution system. Although the 
chromosome is linear, resolution may be necessary 
if the protein-bound chromosome termini interact 
physically to give a circular conformation, as has been 
suggested98,101.

Interestingly, another developmentally regulated 
FtsK-family ATPase, SffA, is found at sporulation 
septa in S. coelicolor 97. SffA accumulates through what 
appears to be a ‘diffusion and capture’ mechanism102 
that is dependent on the product of a co-transcribed 
gene, the small membrane protein SmeA. Thus, SffA is 
first seen along the cell periphery in early sporogenic 
hyphae, before it accumulates specifically at constrict-
ing sporulation septa. In a smeA mutant, SffA remains 
distributed over the cell periphery even after septation. 
No redundancy or overlapping function between ftsK 
and sffA has been detected, leaving the exact func-
tion of SffA unclear, particularly given that most of 
the pleiotropic effects of smeA–sffA deletion on spore 
maturation can be ascribed to the loss of SmeA97.

A role for MreB in spore-wall assembly. Spore matura-
tion involves the production of a thick, lysozyme-resistant 
spore wall. This wall is laid down after sporulation sep-
tation is complete and is associated with the rounding 
up of the cylindrical prespores into an ovoid shape and 

the uniform thickening of the wall from 10–12 nm at the 
stage of septation to 30–50 nm in the mature spore103,104. 
The correct assembly of the spore wall depends on mreB7, 
which may explain why Streptomyces and a few other 
sporulating actinomycete genera contain genes for this 
ancestral actin5, whereas most other actinobacteria do 
not. Deletion of mreB in S. coelicolor leads to defective 
(heat sensitive) and often swollen spores with irregular, 
thin walls. The subcellular localization of MreB–EGFP is 
consistent with a role for MreB in assembly of the spore 
wall. Clear signals are only detected in sporogenic aerial 
hyphae, first as bands that coincide with sporulation septa 
at both poles after septal constriction, and then spreading 
out to surround the spore completely, lining the inner sur-
face of the membrane before disappearing in the mature 
spores7. This distribution of MreB–EGFP echoes the 
progression of spore-wall thickening, which appears to 
start near septa but then occurs all around the spore103. 
These studies did not reveal any helical MreB structures, 
as seen in many other bacteria in which MreB orchestrates 
assembly of cell walls, but the results strongly suggest that 
MreB has a role in Streptomyces spore-wall assembly, and 
other phenotypic defects in mreB mutant spores may be 
secondary effects of the altered spore envelope7.

Visualizing sporulation gene expression
Fluorescent protein-based reporters, such as EGFP and 
mCherry, permit the visualization of cell type-specific  
gene expression at the single cell level105–107. Three 
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Figure 6 | Patterns of cell type-specific gene expression in sporulating aerial hyphae. Three different patterns of 
cell type-specific gene expression in sporulating aerial hyphae are shown. Fluorescent proteins were used as reporters  
of promoter activity. a,b | Activity of a developmental promoter that is upregulated throughout the aerial hyphae (not 
confined to the sporogenic cell). This promoter was fused to a reporter gene encoding the red fluorescent protein 
mCherry, and its activity was visualized by fluorescence microscopy. An FtsZ–EGFP (enhanced green fluorescent protein) 
fusion protein was used as a molecular marker of the sporogenic cell, in which multiple FtsZ rings assemble. Part a shows 
an overlay of the reporter protein mCherry (red) used to visualize promoter activity and FtsZ–EGFP fluorescence (green), 
and part b shows an overlay of FtsZ–EGFP on a phase contrast image. c,d | The sigFp and smeAp (shown in parts c and d, 
respectively) promoters were monitored using fusions to mCherry (red) and were shown to be specifically upregulated in 
the sporogenic cell. e,f | The nepAp promoter is specifically upregulated in the subapical stem, which is below the 
sporogenic cell. Part e shows a Nomarski image of a sporulating hypha, and part f reveals how a nepAp–egfp reporter is 
active only in the compartment below the developing spore chain. The scale bar represents 6 µm in part b and 5 µm in part 
d. Images a and b are courtesy of J. Larsson and K.F.,  Lund University, Sweden. Parts c and d are reproduced, with 
permission, from REF. 97  (2007) Blackwell Publishing. Parts e and f are reproduced, with permission, from REF. 114  
(2007) Blackwell Publishing.
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different patterns of sporulation gene expression in 
S. coelicolor are discussed below: developmental upreg-
ulation before the apical sporogenic compartment has 
been established (FIG. 6a,b), specific expression in the 
sporogenic cell (FIG. 6c,d) and specific expression in  
the subapical stem (FIG. 6e,f).

The late sporulation genes smeA–sffA and sigF 
are upregulated specifically in the sporogenic cell, 
and are not detected before the assembly of Z rings 
(FIG. 6c,d). However, several observations indicate that 
multiple sporulation septa (FIG. 1) do not have to form 
in the sporogenic cell to trigger expression of these 
late genes and therefore probably other aspects of the 
sporulation process. First, ftsL and divIC mutants fail 
to close and complete over 90% of their sporulation 
septa, but still show continued differentiation of the 
cell wall to acquire spore-like thickness and shape65. 
Second, sporogenic cells with infrequent sporulation 
septa are produced in whiH and ftsZ mutants, giv-
ing rise to long aerial hyphal fragments that resem-
ble spores in that they have a dark appearance (using 
phase contrast microscopy), an altered cell wall 
and condensed (but aberrantly segregated) nucle-
oids57,74,81. The smeAp–mCherry reporter is turned 
on in such compartments in a ftsZ strain and pro-
duces fluorescence intensities that are similar to those  
of wild-type spore chains97. In addition, regular foci of  
ParB–EGFP, which are characteristically formed in 
the sporogenic cell but not in other types of cell, are 
detected in the apical compartments of both ftsZ∆p2 
and whiH mutant strains91. Finally, late sporulation 
transcripts from sigFp, whiEp1 and whiEp2 can also 
be detected at a reduced level in whiH mutants, which 
make a number of long, spore-like aerial hyphal 

fragments, within which we speculate these late genes 
are expressed108,109. By contrast, these transcripts can-
not be detected in whiG, whiA and whiB mutants, 
which fail to delimit any such compartments108,109. 
Thus, an as-yet-uncharacterized compartmentaliza-
tion event, rather than multiple sporulation septation, 
seems to be crucial in initiating cell type-specific gene 
expression in the sporogenic cell.

Other developmentally regulated promoters are 
turned on before the sporogenic cell is delimited 
and embarks on its specific developmental pathway 
(FIG. 6a,b). These include the p2 promoter of sigH, 
which encodes one of nine σB-like stress-response 
sigma factors in S. coelicolor 110–112. One of its two 
promoters, sigHp2, is upregulated specifically in the 
aerial mycelium, and this occurs before sporulation 
septation and independently of the early whi genes110. 
Repression of sigHp2 transcription in vegetative cells 
is directly mediated by the DNA-binding protein BldD 

and a sigHp2–EGFP reporter is expressed in all tissues 
of a sporulating colony of a bldD mutant (which can 
differentiate on certain media)110. BldD-mediated 
repression of sigHp2 is therefore relieved during the 
development of aerial hyphae, but apparently before 
the conversion of the apical cell into a sporogenic 
compartment. As other direct targets of BldD repres-
sion during vegetative growth also include genes that 
encode the crucial developmental regulators σBldN and 
σWhiG, further investigation is needed to determine 
whether their timely derepression contributes to the 
initiation of the sporulation pathway113.

Another developmentally defined compartment 
in Streptomyces colonies has recently been identified 
through studies of the σB-like sigma factor, σN (REF. 114).  

Box 2 | New tools for Streptomyces developmental biology

New cell biological tools
Although green fluorescent protein (GFP)-based reporters (particularly those with codon-choice adapted for GC‑rich 
genomes) are increasingly used in Streptomyces, their usefulness for examining weak signals is often hampered by 
autofluorescence of the hyphae. One remedy is now provided by red fluorescent proteins, such as mCherry or mRFP 
(monomeric red fluorescent protein), as the autofluorescence of Streptomyces hyphae in this spectral range is lower than 
in the spectral range of enhanced GFP97,107. This, together with new techniques for time-lapse imaging of growing 
hyphae12, atomic force microscopy129 and other imaging techniques, should provide new windows into Streptomyces cell 
biology.

Streptomyces venezuelae — a new developmental system
The effective application of proteomics, transcriptomics and other analyses to cellular differentiation in 
Streptomyces coelicolor has been limited because this species differentiates only on solid medium, in which the 
aerial hyphae constitute only ~10% of the total biomass and cannot be separated from the non-differentiating 
vegetative mycelium in a satisfactory way. By contrast, S. venezuelae sporulates to near completion in liquid 
culture130, which provides an opportunity to study Streptomyces gene expression in synchronously developing 
submerged cultures. The S. venezuelae genome sequence has been determined by the Verenium Corporation 
(previously known as the Diversa Corporation; see Further information) and should be in the public domain in 2009, 
along with Affymetrix whole genome chips for microarray analysis. An ordered cosmid library for the genome has 
been constructed, permitting the ready application of ‘redirect’ PCR-targeted gene disruption131 to S. venezuelae, 
and mutants of this species that lack the known whi genes have already been made (M. Bibb, A. Domonkos and 
M.J.B., unpublished observations). Further potential benefits of this species as a genetic system include rapid, highly 
dispersed growth to high density, which facilitates physiological work, a robust generalized transduction system 
that is based on the SV1 phage132 and the ability to introduce DNA by electroporation, which has allowed the 
successful application of EZ-Tn5 (produced by Epicentre Biotechnologies; see Further information) transposon 
mutagenesis. Thus, S. venezuelae has great potential as a developmental system and, with the availability of the 
S. venezuelae, S. coelicolor23 and S. griseus133 genome sequences, information gathered in one system can rapidly be 
applied to the others.
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Conclusions
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In the filamentous bacteria Streptomyces, 
morphological differentiation is closely integrated 
with fundamental growth and cell-cycle processes, 
as well as with truly complex multicellular behaviour. 
Important progress is being made towards 
understanding the intriguing processes that underlie 
growth and morphogenesis in Streptomyces.
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Online-only summary
•  This Review analyses recent advances in our understanding of the 
cell biology and genetics of Streptomyces growth and developmental 
morphogenesis, focusing mainly on Streptomyces coelicolor as a model 
organism. The major topics discussed are:
•  The molecular basis of the apical growth and branching of 
hyphae.
•  The morphogenetic processes that allow hyphae to break surface 
tension and grow into the air.
•  The role of the hormone-like γ‑butyrolactone signalling molecule, 
A‑factor, in the regulation of aerial mycelium formation and its inte-
gration with secondary metabolism in Streptomyces griseus.
•  The developmental reorganization of cytoskeletal elements, cell 
division, chromosome segregation and peptidoglycan assembly that 
leads to the conversion of aerial hyphae into mature spores, and what 
is known about the regulation of these processes.
•  Recent advances in the study of cell type-specific gene expression in 
Streptomyces, and new tools and systems that will facilitate the inves-
tigation of Streptomyces developmental biology.
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