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Streptomyces are a large genus of multicellular bacteria best
known for their prolific production of bioactive natural products.
In addition, they play key roles in the mineralisation of insoluble
resources, such as chitin and cellulose. Because of their
multicellular mode of growth, colonies of interconnected
hyphae extend over a large area that may experience different
conditions in different parts of the colony. Here, we argue that
within-colony phenotypic heterogeneity can allow colonies to
simultaneously respond to divergent inputs from resources or
competitors that are spatially and temporally dynamic. We
discuss causal drivers of heterogeneity, including competitors,
precursor availability, metabolic diversity and division of labour,
that facilitate divergent phenotypes within Streptomyces
colonies. We discuss the adaptive causes and consequences of
within-colony heterogeneity, highlight current knowledge (gaps)
and outline key questions for future studies.
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Introduction

Streptomyces are among the most important and best-stu-
died bacterial genera. As saprophytes growing in soil and
aquatic sediments, they play a crucial role in the miner-
alisation of recalcitrant polymers, such as chitin, cellulose
and starch, that result from the death of plants, arthropods

and fungi [1]. In addition, they are the primary source of
natural products used in medicine and agriculture. Some
two-thirds of antibiotics owe their origin, directly or in-
directly, to streptomycetes, and predictions based on
bioinformatic analyses of Strepromyces genomes suggest that
they remain a vast resource for drug discovery [2]. Finally,
Streptomyces are multicellular (Figure 1), with a life cycle
that is highly convergent with filamentous fungi [3]. These
features, on their own, are not unique. However, our aim in
this perspective is to argue that the combination of these
features has unique consequences for the manner in which
Streptomyces persist and thrive in spatially and temporally
heterogeneous environments.

"The Streptomyces life cycle begins when a spore lands, or is
transported, to a habitat suitable for germination and
growth. Thereafter, the colony grows via apical expansion
of filamentous hyphae, giving rise to a large interconnected
mycelial network reminiscent of branching filamentous
fungi. Eventually, upon resource (or other) stress, part of
the colony irreversibly differentiates to produce aerial hy-
phae that hold aloft a new generation of unichromosomal
spores [4]. Some species have also been found to produce a
rapidly expanding ‘explorer’ phenotype in response to
environmental cues [5]. The transition to sporulation ty-
pically coincides with the lysis of parts of the vegetative
hyphae and with secondary metabolite production [4].

Although it has received only limited attention, pheno-
typic heterogeneity (plasticity) can potentially arise at
each stage of this multcellular life cycle. By hetero-
geneity, we refer specifically to functional differentiation
that emerges in spatially separated regions of the colony.
Phenotypic heterogeneity, where genetically identical
cells express different phenotypes in the same en-
vironment, has been extensively studied in unicellular
bacteria and can be caused by many factors, from sto-
chastic differences due to unequal partitioning of tran-
scripts or proteins, feedback loops that generate bistable
subpopulations or differences in cellular vigour that
correlate with the expression of ‘auxiliary traits’ [6-8].
Streptomyces can, in principle, share these mechanisms,
but the underlying processes would arise within the
framework of a multicellular colony rather than among
independent cells. This implies that heterogeneity could
be evident at different spatial scales: within cells, be-
tween adjacent compartments of the multicellular
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Figure 1
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Streptomyces colony from above and a section through a colony illustrating the spatial and temporal effects and outputs of growth. Top left:
mesoscopic section through a Streptomyces colony showing substrate hyphae (magenta) and aerial mycelium and spore chains above the substrate
(cyan; courtesy of Dr Liam Rooney, University of Strathclyde). Bottom left: Streptomyces coelicolor colony image from above showing the distribution
of cell types and heterogeneity in metabolite production. From the centre of the colony, the powdery white/grey aerial mycelium can be seen, followed
by an area of the colony producing the blue-pigmented natural product actinorhodin, and finally, the outer region is actively growing vegetative hyphae
(photograph: Paul A Hoskisson). Right hand side image: schematic representation of a Streptomyces colony (courtesy of Phylopic.org CCO 1.0)
indicating the factors that drive heterogeneity in colonies (red) and the resulting cellular outputs and responses of the heterogeneity (blue).

filament and between different filaments of a single
larger colony. In this sense, Streptomyces colonies are less
similar to unicellular bacteria than they are to a single
multicellular body with a temporal developmental pro-
gramme. Spores and young colonies are ontogenetically
distinct from older colonies, and one side of the colony is
potentially distinct from the other. The integration of
responses at these different temporal and spatial scales
could potentially enable colonies to optimise behaviours
to simultaneously accommodate dynamic needs and re-
quirements.

Why should Streptomyces colonies become
heterogeneous?

Soil is a highly diverse environment in terms of resource
composition, concentration and distribution [9,10].
Equally, it holds enormous biodiversity that shifts
readily upon resource amendment, depletion or other
disturbance [11,12]. Competition for resources and space
is ubiquitous. As saprophytes, Streptomyces grow on re-
sources that are often insoluble and heterogeneously
distributed [1]. Their genomes are enriched for genes
encoding metabolic pathways to degrade these complex
polysaccharides and the uptake systems to transport
their simpler degradation products [1]. As noted above,
they also encode numerous biosynthetic gene clusters
(BGCs) directing the synthesis of secondary metabolites,
including antibiotics, siderophores, volatile compounds,
pigments and others [1,2], with a variety of specialised

functions, and whose costs and benefits depend on the
timing and location of their expression.

Patchy environmental resources imply that colonies can
experience different resources in different regions of
their mycelia. Additionally, because degradation and
interference competition are external via exoenzyme or
antibiotic secretion, Streptomyces metabolism can act as a
type of ‘public good’ that can be used by the entire
colony but also exploited by other competitors.
Together, these can drive nonuniform availability of the
precursors necessary to produce antibiotics and other
secondary metabolites as well as spatially segregated
interactions with competitors. In addition, heterogeneity
can emerge due to division of labour and the intrinsic
promiscuity of biosynthetic pathways that can result in
multiple metabolites from a single pathway. Our aim in
this review is to discuss current knowledge of these
sources of heterogeneity and to highlight future areas for
research (IFigure 1).

Spatial segregation due to subcellular
physical heterogeneity

Physical heterogeneity within bacterial cells creates op-
portunities for functional differentiation. The first in-
dications of subcellular partitioning were observed for
specialised chemoreceptors located at specific cellular
locations [13], followed by the identification of cytos-
keletal elements [14,15], and the partitioning of

Current Opinion in Microbiology 2024, 78:102448

www.sciencedirect.com



Phenotypic heterogeneity in Streptomyces colonies Hoskisson, Barona-Gémez and Rozen 3

chromosomes and extrachromosomal elements [16,17].
More recently, bacterial organelles, such as the magne-
tosome [18], the anammoxosome [19] and the cyano-
bacterial carboxysome [20], were found that segregate
specialised metabolic activities into discrete intracellular
regions. These discoveries challenged the conventional
view of the bacterial cytoplasm as an unstructured
milieu. Phylogenetic analyses of the proteins that form
these cytoplasmic protein microcompartments appear to
be widespread among bacteria but are thus far unknown
in Streptomyces [21]. Within Streptomyces, there are tanta-
lising glimpses into the subcellular heterogeneity of
transcriptional activity during development in specific
cellular compartment, such as SigN-dependent tran-
scription in apical stem compartments [22] and tissue-
specific upregulation of cell division gene expression
(frsZ) in aerial hyphae [23], suggesting that there is much
to learn if technical challenges can be overcome in
this area.

The origin of intracellular functional heterogeneity is not
restricted to organelle-like structures. During anaerobic
growth in Escherichia coli, dynamic localisation of nitrate
reductase uses transmembrane proton gradients as a cue
for localisation [24]. Polar distribution appears to increase
ATP generation, perhaps through closer association with
respiratory complexes. These data further supported work
that demonstrates the presence of the so-called metabolic
channelling [25] — the idea that spatially localising se-
quential reactions in a metabolic pathway increases
pathway efficiency. Building on work that showed clus-
tering and scaffolding of metabolic genes, Castellana et al.
[25] quantitatively demonstrated that enzyme clustering
in a pathway enhances metabolic efficiency and improves
regulation. Evidence of metabolic localisation in Actino-
mycetota is scarce, although a recent study suggests si-
milar mechanisms may occur [26]. For example, some
species express the hybrid pyruvate/2-oxoglutarate de-
hydrogenase complex (PDH-ODH), rather than the two
separate multienzyme complexes found in other eu-
bacteria. The actinobacterial PDH-ODH enzyme com-
plex comprised four subunits (AceE, AceF, Lpd and
OdhA) that are localised at the cell poles in Cor-
ynebacterium glutamicum. Remarkably, the phosphorylated
Odhl protein that binds to OdhA to inhibit activity was
also located at the poles, while unphosphorylated OdhlI is
distributed throughout the cytoplasm. The enzymes,
glutamate dehydrogenase and isocitrate dehydrogenase
that are metabolically linked to Odh activity were also
distributed evenly throughout the cystoplasm. These data
suggest that central metabolism is, at least in part, spa-
tially organised in Actinomycetota, but it remains to be
seen if this is more widely observed in the multicellular
species of this phylum.

The dynamic localisation of the Twin-arginine translo-
cation secretion and potentially other systems that

facilitate the secretion of hydrolytic enzymes to the tips
of apically growing hyphae in Strepromyces [27,28] also
suggest that active foraging for nutrients through apical
extension can be spatially partitioned in Strepromyces.
The secretion of hydrolytic enzymes and uptake/trans-
location of soluble nutrients is well established in fila-
mentous fungal hyphae with the same growth habits as
Streptomyces [29-32]. While the translocation of nutrients
in Streptomyces hyphae has not been shown unequi-
vocally, this model of phenotypic heterogeneity would
suggest translocation was also a feature of hyphal Acti-
nomycetota. If so, it would also suggest that localisation
of primary metabolism may be associated with extending
apical tips. This is an area that has received little at-
tention in Strepromyces, but spatial organisation has been
found in terms of DNA replication [33] and transcrip-
tional activity [34] in actively growing hyphae. They
have also been shown to modulate their transcriptionally
active foci in response to nutrient stress, such as nitrogen
starvation (stringent response; [34]). The dynamic loca-
lisation of transcriptional activity would also suggest that
apically extending tips are sensing and responding to the
availability of metabolites, liberated through the loca-
lised secretion of hydrolytic enzymes. This would sup-
port the idea that primary metabolism can be spatially
partitioned either as shown for C. glutamicum or in the
form of the metabolic channelling.

The results from primary metabolism suggest the pos-
sibility that natural product biosynthesis is also parti-
tioned and localised. This is well established in fungal
specialised metabolites via biosynthesis and shuttling of
precursors [35] but is less well understood, although not
unknown, in Strepromyces, for example, the localisation of
pigmented natural products, such as the prodigiosins
28]. While the localisation of the large multimodular
megasynthases of polyketide and nonribosomal peptide
biosynthesis is implicit, given the iterative, assembly
line nature of their production [36]. There is some evi-
dence of specialised metabolic channelling [37] where
multienzyme complexes help to protect substrates and
facilitate metabolic channelling. This could be im-
portant, given the capability of many Strepromyces species
to produce numerous natural products from BGCs en-
coded in their genomes, with metabolic channelling
limiting crosstalk/mistargeting of biosynthetic enzymes.
This may be less obvious for other natural products
where discrete, single-protein enzymology is responsible
for biosynthesis and where protein—protein interactions
are short lived or weak and may be triggered by transient
intermediate metabolites. Yet, it is likely that localisa-
tion of biosynthetic enzymes would be beneficial, given
the propensity for genes in BGCs to be promiscuous in
their substrate preference (see below). Localisation of
biosynthesis would also facilitate the provision of key
primary metabolites that are required as building blocks,
with abundant examples of duplicated primary
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metabolic enzymes being found in BGCs [38]. While
evidence for colocalisation of biosynthetic enzymes is
limited, the biosynthesis of the lantibiotic, nisin, was
shown to be highly localised at the old cell poles in
Lactococcus lacris [39]. This suggests that production is
closely associated with the ABC transporter that was
responsible for the secretion of the mature lanthipep-
tide; however, visualisation of these complexes was only
possible with the use of inactive nisin exporters [35].
More recently, using Bacillus subrilis as a heterologous
host, biosynthetic proteins responsible for nisin bio-
synthesis (the NisBTC biosynthetic complex) were
shown to colocalise at the membrane [40]. This level of
localisation is yet to be shown for Strepromyces, but the
spatially restricted induction of development [41], se-
cretion and production of natural products [28,42,43]
that has been observed in some strains suggests that this
i1s a major gap in our knowledge of phenotypic hetero-
geneity in Streptomyces and is likely a fruitful area of
investigation.

How metabolic diversity and precursor supply
can drive functional heterogeneity

The canonical view that one gene leads to one protein
with one function is now known to be incomplete [44].
For instance, moonlighting proteins, where one gene can
have multiple functions with different temporal and
spatial resolutions, are pervasive [45]. An analogous
process may be true at the metabolic level, with enzyme
promiscuity adding further diversity upon which evolu-
tion can operate. In secondary metabolism, metabolites
are actually produced as clouds of related molecular
species even when encoded by a single BGC, and sec-
ondary metabolites can have multiple biological or eco-
logical functions. The intertwined relationship of these
observations is developed below in the context of
Streptomyces heterogeneity.

It is well known that growth conditions alter the meta-
bolite profile or biosynthetic potential of Stzrepromyces
[46]. This chemical diversity has been partially ex-
plained by the large number of BGC encoding pathways
in the genomes of these microorganisms [47]. In addi-
tion, the wealth of knowledge about Szreptomyces bio-
synthetic enzymes has revealed that enzyme
promiscuity, the ability to accept and convert many
substrates into an equally large number of products, is
common. The latter is prominent in mega synthetases
directing the synthesis of polyketides and peptides, but
this feature is present in any bona fide natural product
biosynthetic enzyme [48,49]. These features suggest the
possibility that chemical diversity within Szrepromyces
colonies has been vastly underestimated. Two general
questions derive from this: How large, and spatially
distributed, is the chemical diversity encoded by known
BGCs in colonies of single strains in different

environmental conditions? What is the correspondence
between chemical or metabolic diversity and genotypic
diversity of BGCs across Streptomyces strains of the same
population?

Although little work has been done to answer these
questions, heterogeneity of the Szrepfomyces siderophores
desferrioxamine (dFO) may be illustrative. In this
system, dFOs exist in multiple forms (linear, cyclic),
which can include different chemical moieties (aliphatic,
aromatic), known to be produced in response to iron
limitation but also by unknown factors [50-53]. Although
the biological roles of these different dFO forms are not
fully understood, it is known that some dFO variants
(e.g. linear vs cyclic) have different morphological and
developmental effects on the colony [54-56]. The
synthesis of these metabolites, in turn, is regulated by
complex pleiotropic networks [57,58] and responds to
the presence of other coexisting siderophores and trace
elements [59,60]. Interestingly, dFOs have been directly
implicated in the recently identified explorer cell type
[5,61], a Streptomyces developmental innovation leading
to rapid colony expansion. dFOs can also play different
roles as both siderophores and antibiotics [62] by means
of different, yet related, biomolecular activities. This
latter scenario is reminiscent of the siderophores pro-
duced by Pseudomonas aeruginosa [63] and also of the
coumarins and phenazines in plant—Pseudomonas inter-
actions [64], which highlights both multiple metabolites
and multiple functions, as siderophores and redox-active
metabolites.

Metabolic heterogeneity finds an additional layer of
complexity during the interaction between primary and
secondary metabolism, for instance, between fatty acid
and polyketide biosynthesis [65]. This includes two
well-documented observations: (1) natural products
precursor-supply biosynthetic enzymes are frequently
contained within BGCs; and (2) central metabolic en-
zymes are subject to different metabolic flux constraints
as they serve both central and natural products metabolic
pathways. For instance, extra gene copies of most gly-
colytic enzymes have been found in Strepromyces species
[66]. This observation was expanded in detail after ex-
perimental characterisation of the two constitutively
expressed 8. coelicolor pyruvate kinases, Pykl and Pyk2.
These paralogous enzymes have the same enzyme ac-
tivity, yet they have different impacts on the production
of known natural products [67]. Given that this ob-
servation was attributed to a subtle metabolic regulatory
mechanism related to cofactor specificity and allosteric
enzyme regulation, it is not difficult to imagine how this
could drive metabolic heterogeneity. For instance, the
complete removal of BGCs triggers the overproduction
of other unrelated secondary metabolites, including both
known and previously unnoticed metabolites, as in the
discovery of the polyketide alkaloid and yellow-
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pigmented coelimycin in §. coelicolor [68]. These ob-
servations are typically explained as a reconfiguration of
the metabolic fluxes in the context of the interaction
between primary and secondary metabolism. Similar
effects can be anticipated to occur naturally.

Despite advances in Streptomyces synthetic and systems
biology [69], predicting metabolic outcomes is challen-
ging even in straightforward situations. Consider the
overexpression of amino acid biosynthetic pathways
aimed at increasing precursor supply, such as the proABC
genes, needed to synthesise proline used during prodi-
ginines biosynthesis in §. coelicolor [70]. In this case, and
probably others, this is complicated by at least two fac-
tors. First, the product of proC, pyrroline-5-carboxylate
reductase, was found to be promiscuous in Streptomyces
and generates crosstalk with the biosynthesis of bran-
ched-chain amino acids via the reductase activity of i&C
[71]. Second, extra copies of the ‘same’ precursor-supply
or central metabolic genes can also be found within
BGCs, presumably to regulate precursor supply for the
synthesis of the cognate natural product. Given the
physical localisation of the precursor-supply enzyme
genes within the BGC, it is reasonable to assume that
these enzymes colocalise, forming a metabolic con-
tinuum from precursor supply to natural product bio-
synthesis. However, it is more often the case that the
extra central metabolic precursor-supply genes are not
sufficient to reconstitute a complete pathway leading to
the starting precursor or intermediary. Many examples of
this scenario exist in Streptomyces, including the bran-
ched-chain amino acid gene /&C in the valanamycin
BGC of S. viridifaciens |72] and the aromatic amino acid
#rp and aro biosynthetic genes in the BGC of the cal-
cium-dependent antibiotic (CDA) produced by §. coeli-
color. Despite the latter being a model lipopeptide
produced by a model strain, the outcome of the inter-
action between precursor synthesis and production of
the different CDA lipopeptides [73-75] cannot be pre-
dicted. All together, these metabolic interactions high-
light crosstalk between primary and secondary
metabolism, which could drive colony heterogeneity
based on different metabolic outcomes.

Adaptive benefits of division of labour

In addition to the mechanistic and structural causes of
heterogeneity raised above, an additional factor that can
underlie within-population heterogeneity at the level of
entire colonies is division of labour, where different cells
adopt distinct, often mutually incompatible, phenotypes.
Division of labour is increasingly studied in unicellular
microbes as a means of understanding cooperative dy-
namics and differentiation [76,77]. However, Streptomyces
are quite different from unicellular bacteria because
their multicellular growth allows them to behave more
like a single integrated body than a collection of

independent cells [3]. Moreover, their strict clonality
reduces the risks of ‘cheaters’ that profit at the expense
of the rest of the colony. These features contribute to
their ability to differentiate into multiple specialised cell
types [78].

As we have reviewed elsewhere, Streptomyces colonies are
the bacterial exemplar for a temporal division of labour
between vegetative hyphae and spores [3,79]. In addi-
tion, metabolic division of labour has recently been de-
tected in Streptomyces coelicolor whereby some cells
become specialised to produce antibiotics, while others
specialise on growth or sporulation [80-82]. These tasks
are essential for colony competitiveness and reproduc-
tion, respectively, yet one task strongly reduces the
ability to perform the other. A division of labour there-
fore partially offsets this trade-off and allows colonies to
maximise the output of each.

Given the importance of sporulation and antibiotic pro-
duction, it is perhaps not surprising that there are at least
two mechanisms to regulate this division of labour. One
route involves an irreversible type of differentiation that
results from large deletions at the ends of the
Streptomyces linear chromosomes [80,81]. By mechanisms
that remain obscure, these large deletions result in a
subpopulation of cells in §. coelicolor that show higher
expression and increased secretion of antibiotics, espe-
cially actinorhodin, coelimycin and CDA [81,83] that, via
diffusion, can benefit the whole colony. Because dif-
ferent deletions give rise to diverse outcomes with re-
spect to antibiotic production [81,83], this process may
also behave as a type of bet-hedging to pre-emptively
respond to unknown competitors. Although chromosome
instability appears to be broadly conserved across the
genus, it remains to be seen if this process always results
in a division of labour. A second route to division of la-
bour for antibiotic production involves the transient
phenotypic shifts that arise during colony development
[82]. Using reporters for the developmental regulator
bldN and the antibiotic undecylprodigiosin regulatory
protein redZ, Zaccharia et al. observed temporal waves of
expression that radiated from the centre towards the
edge of the developing colony. Intriguingly, they found
that these spatial patterns were abolished when colonies
were grown on surfaces that removed (or homogenised)
diffusing gradients beneath the colonies, indicating the
critical importance of positional cues. As yet, it remains
unknown how general either mechanism is for division
of labour and whether they extend to other species or
other ‘public goods’, for example, exoenzyme secretion
or siderophores.

Competitive drivers of heterogeneity
One of the most important realisations from the
Streptomyces genomics era is the fact that their genomes
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encode many more pathways for secondary metabolites
than are known to be expressed in laboratory culture
[84]. This has led to a comprehensive effort to identify
conditions to elicit these silent BGCs with the hope that
some encode new and valuable products. Cocultures,
whereby Strepfomyces strains are grown together with
other strains, have proven a valuable, if idiosyncratic,
tool in this effort [85,86]. The idea behind cocultures is
intuitive: natural environments are diverse, and so BGC
may require cues from the ‘real world’ to be induced. It
also builds on the evolutionary framework of ‘competi-
tion sensing’ [87], which argues that metabolically ex-
pensive antibiotics should be kept in abeyance until
they are elicited by recognisable threats or damage from
competitors. Although this framework has been refined
in various ways, it has generally been well supported
with streptomycetes grown adjacent to other strepto-
mycetes [88-90], bacterial species [91] or fungi [92,93].
A significant fraction of interactions among essentially
random strains leads to altered or increased antibiotic
production. For example, Uede et al. [94] found that
nearly all the Strepromyces strains collected from a single
soil sample in Japan could increase or broaden antibiotic
activity of at least one other strain from the sample.
More recently, Abrudan et al. [90] and Westhoff et al.
[88] found similar results: nearly all strains, whether
isolated from the same soil sample or not, induced at
least one other strain, while reciprocally, virtually all
strains were induced by at least one other. It is notable
that these results are based on the ability of one strain to
inhibit another and may therefore underestimate meta-
bolic changes that might be detected with metabolomic
profiling.

Although it is clear that interstrain interactions mediated
by diffusible compounds are ubiquitous, the mechan-
isms and spatial localisation of these interactions are less
consistent. Broadly, the probability that one strain
modifies antibiotic production in another scales with
genetic relatedness, and more specifically by whether or
not they share related BGCs [88]. In other studies, an-
tibiotic induction, as well as developmental changes, are
caused by subinhibitory concentrations of antibiotics
(with or without coculture) [95] mycolic acid [96] and
possibly by quorum-dependent signals for antibiotic
production [88]. The diversity of inducing cues suggests
that multiple mechanisms have evolved to detect and
respond to competition-mediated stressors in nature.

Antibiotic induction due to resource heterogeneity or
scarcity is less well studied, but there is mounting evi-
dence that competition for iron can play a decisive role
in BGC induction and development, and, moreover, that
changes in BGC expression can be spatially localised
within S#repromyces colonies [41]. Using MALDI-based
imaging mass spectrometry (MS), Traxler et al. [41]
showed that siderophore secretion by a neighbouring

actinomycete caused increased production of pigmented
antibiotics and siderophores in 8. coelicolor. Strikingly,
this response was highly spatially localised at the inter-
face between colonies. It was also highly temporally
variable; at least 12 distinct analogues of acyl-dFO were
expressed in series as the colonies grew. Similar re-
sponses have been seen in Strepromyces interactions with
Myxococcus [97], suggesting that competition for iron may
be a general cause of within-colony temporal and spatial
heterogeneity.

These examples highlight the strong likelihood that
resource and competitive stress driven by external fac-
tors can cause Streptomyces colonies to adopt spatially and
temporally variable phenotypes. It is important to note,
however, the limitation that these experiments were
conducted in well-defined and otherwise homogeneous
laboratory environments. The scale of environmental
heterogeneity or diffusion of, for example, siderophores
or antibiotics in nature remains largely unknown.

Conclusion

Although there is compelling evidence for within-colony
heterogeneity at different spatial scales, much of what
we have discussed is based on results from other systems
and conjecture. More importantly, there is limited evi-
dence that these sources of phenotypic variation are
adaptive or have evolved in order to generate within-
colony heterogeneity. We highlight several questions
that we hope will motivate further work in this area: (1)
what is the spatial scale of within-colony heterogeneity
and is this the same for exoenzymes, antibiotics and
siderophores?; (2) how diverse are the products of a
single BGC, what fraction of these products are func-
tionally distinct, and is diversity the product of natural
selection or of enzymatic imprecision?; (3) which public
goods are coordinated by division of labour and are these
regulated by genome deletions or by other mechanisms
known to drive heterogeneity in other bacteria?; (4) how
common, and over what temporal and spatial scales, are
metabolites translocated within the mycelium?; (5) how
are cues from resources and competitors integrated to
drive spatially regulated adaptive responses?; (6) how do
these processes unfold in the complex biotic and abiotic
environments of natural soils? Some of these questions
can be addressed with current methodologies, but many
represent biological and technical challenges. Among
others, there is a considerable need to develop fluor-
escent metabolic probes to track uptake and transport of
metabolites, higher resolution methods to investigate
mRNA localisation and translational activity with spatial
and temporal resolution in colonies, and increased sen-
sitivity of desorption electrospray ionisation (DESI) and
Matrix Assisted Laser Desorption/lonization (MALDI)
imaging MS to understand the distribution of natural
product production and variation in response to a range
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of conditions beyond competitive scenarios. Finally,
growing these organisms in conditions that better reflect
their natural growth environment and habits may reveal
the nature, context and adaptive benefits of hetero-
geneity. Some progress has been made in this area on
the development of transparent soil systems for imaging
[98,99], but the application of DESI-MS in these sys-
tems is yet to be attempted.

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

P.A-H. would like to acknowledge funding from Biotechnology and
Biological Sciences Research Council (BB/T001038/1 and BB/T004126/1),
Medical Research Council (MR/V011499/1) and the Royal Academy of
Engineering Research Chair Scheme for long-term personal research sup-
port (RCSRF2021\11\15). F.B.G. would like to acknowledge Leiden
University for support during the drafting of this manuscript. D.E.R. would
like to acknowledge funding from the Dutch Research Council
(OCENW.M.22.076) and the DFG-SPP2389 (TS 325/4-1).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee Of outstanding interest

1. Chater KF, Bir6 S, Lee KJ, Palmer T, Schrempf H: The complex
extracellular biology of Streptomyces. FEMS Microbiol Rev 2010,
34:171-198.

2. BarkaEA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Klenk
H-P, Clément C, Ouhdouch Y, van Wezel GP:
Taxonomy, physiology, and natural products of actinobacteria.
Microbiol Mol Biol Rev 2015, 80:1-43.

3. Claessen D, Rozen DE, Kuipers OP, Segaard-Andersen L, Van
Wezel GP: Bacterial solutions to multicellularity: a tale of
biofilms, filaments and fruiting bodies. Nat Rev Microbiol 2014,
12:115-124.

4. Flardh K, Buttner MJ: Streptomyces morphogenetics: dissecting
differentiation in a filamentous bacterium. Nat Rev Microbiol
2009, 7:36-49.

Jones SE, Pham CA, Zambri MP, McKillip J, Carlson EE, Elliot MA:
Streptomyces volatile compounds influence exploration and
microbial community dynamics by altering iron availability.
mBio 2019, 10:1-18.

First demonstration of a link between the Streptomyces exploratory cell
type with the synthesis of dFOs siderophores, providing a clear example
of the proposed notion of “many metabolites, many functions.”

* U

6. Kummerli R, Frank SA: Evolutionary explanations for

. heterogeneous behavior in clonal bacterial populations. Trends
Microbiol 2023, 31:665-667.

Provocative proposal of additional hypotheses to explain links between

metabolite diversity and bacterial population heterogeneity. These hy-

potheses remain to be explored in Streptomyces.

20.

21.

22.

23.

24.

25.

. Ackermann M: A functional perspective on phenotypic

heterogeneity in microorganisms. Nat Rev Microbiol 2015,
13:497-508.

. Van Boxtel C, Van Heerden JH, Nordholt N, Schmidt P, Bruggeman

FJ: Taking chances and making mistakes: non-genetic
phenotypic heterogeneity and its consequences for surviving in
dynamic environments. J R Soc Interface 2017, 14:1-13.

Schlatter D, Fubuh A, Xiao K, Hernandez D, Hobbie S, Kinkel L:
Resource amendments influence density and competitive
phenotypes of streptomyces in soil. Micro Ecol 2009, 57:413-420.

Nunan N, Schmidt H, Raynaud X: The ecology of heterogeneity:
soil bacterial communities and C dynamics. Philos Trans R Soc
B 2020, 375:1-11.

. Wattenburger CJ, Buckley DH: Land use alters bacterial growth

dynamics in soil. Environ Microbiol 2023, 25:3239-3254, https://
doi.org/10.1111/1462-2920.16514

Cretoiu MS, Korthals GW, Visser JHM, Van Elsas JD: Chitin
amendment increases soil suppressiveness toward plant
pathogens and modulates the actinobacterial and
oxalobacteraceal communities in an experimental agricultural
field. Appl Environ Microbiol 2013, 79:5291-5301.

Alley MRK, Maddock JR, Shapiro L: Polar localization of a
bacterial chemoreceptor. Genes Dev 1992, 6:825-836.

Bi E, Lutkenhaus J: FtsZ ring structure associated with division
in Escherichia coli. Nature 1991, 354:161-164.

Jones LJF, Carballido-Lopez R, Errington J: Control of cell shape
in bacteria: helical, actin-like filaments in Bacillus subtilis. Cell
2001, 104:913-922.

Webb CD, Teleman A, Gordon S, Straight A, Belmont A, Lin DCH,
Grossman AD, Wright A, Losick R: Bipolar localization of the
replication origin regions of chromosomes in vegetative and
sporulating cells of B. subtilis. Cell 1997, 88:667-674.

Glaser P, Sharpe ME, Raether B, Perego M, Ohlsen K, Errington J:
Dynamic, mitotic-like behavior of a bacterial protein required
for accurate chromosome partitioning. Genes Dev 1997,
11:1160-1168.

Komeili A, Li Z, Newman DK, Jensen GJ: Magnetosomes are cell
membrane invaginations organized by the actin-like protein
MamK. Science 2006, 311:242-245.

Neumann S, Wessels HJCT, Rijpstra WIC, Sinninghe Damsté JS,
Kartal B, Jetten MSM, van Niftrik L: Isolation and characterization
of a prokaryotic cell organelle from the anammox bacterium
Kuenenia stuttgartiensis. Mol Microbiol 2014, 94:794-802.

Bobik TA, Lehman BP, Yeates TO: Bacterial
microcompartments: widespread prokaryotic organelles for
isolation and optimization of metabolic pathways. Mol Microbiol
2015, 98:193-207.

Abdul-Rahman F, Petit E, Blanchard JL: The distribution of
polyhedral bacterial microcompartments suggests frequent
horizontal transfer and operon reassembly. J Phylogenetics Evol
Biol 2013, 1:1-7.

Dalton KA, Thibessard A, Hunter JIB, Kelemen GH: A novel
compartment, the “subapical stem” of the aerial hyphae, is the
location of a sigN-dependent, developmentally distinct
transcription in Streptomyces coelicolor. Mol Microbiol 2007,
64:719-737.

Grantcharova N, Lustig U, Flardh K: Dynamics of FtsZ assembly
during sporulation in Streptomyces coelicolor A3(2). J Bacteriol
2005, 187:3227-3237.

Alberge F, Espinosa L, Seduk F, Sylvi L, Toci R, Walburger A,
Magalon A: Dynamic subcellular localization of a respiratory
complex controls bacterial respiration. Elife 2015, 4:1-14.

Castellana M, Wilson MZ, Xu Y, Joshi P, Cristea IM, Rabinowitz JD,
Gitai Z, Wingreen NS: Enzyme clustering accelerates processing
of intermediates through metabolic channeling. Nat Biotechnol
2014, 32:1011.

www.sciencedirect.com

Current Opinion in Microbiology 2024, 78:102448



8 Cell Regulation

26. Sundermeyer L, Folkerts J-G, Liickel B, Mack C, Baumgart M, Bott
. M: Cellular localization of the hybrid pyruvate/2-oxoglutarate
dehydrogenase complex in the actinobacterium
Corynebacterium glutamicum. Microbiol Spectr 2023, 11:1-12.
First demonstration of dynamic partitioned primary metabolism in
Actinobacteria, showing how post-translational modifiction of enzymes
can affect localisation.

27. Willemse J, Ruban-Osmialowska B, Widdick D, Celler K, Hutchings
MI, van Wezel GP, Palmer T: Dynamic localization of tat protein
transport machinery components in Streptomyces coelicolor. J
Bacteriol 2012, 194:6272.

28. Chater KF: Taking a genetic scalpel to the Streptomyces
colony. Microbiology 1998, 144:1465-1478.

29. Schmieder SS, Stanley CE, Rzepiela A, van Swaay D, Sabotic¢ J,
. Norrelykke SF, deMello AJ, Aebi M, Kiinzler M: Bidirectional
propagation of signals and nutrients in fungal networks via
specialized hyphae. Curr Biol 2019, 29:217-228 .e4.
Grounbreaking study tracking nutrient transport in filamentous fungi.
Similar approaches are needed in mycelial bacterial populations.

30. Bleichrodt R-J, Vinck A, Read ND, Woésten HAB: Selective
transport between heterogeneous hyphal compartments via
the plasma membrane lining septal walls of Aspergillus niger.
Fungal Genet Biol 2015, 82:193-200.

31. Vinck A, Terlou M, Pestman WR, Martens EP, Ram AF, Van Den
Hondel CAMJJ, Wosten HAB: Hyphal differentiation in the
exploring mycelium of Aspergillus niger. Mol Microbiol 2005,
58:693-699.

32. Vinck A, de Bekker C, Ossin A, Ohm RA, de Vries RP, Wosten HAB:
Heterogenic expression of genes encoding secreted proteins
at the periphery of Aspergillus niger colonies. Environ Microbiol
2011, 13:216-225.

33. Kois-Ostrowska A, Strzatka A, Lipietta N, Tilley E, Zakrzewska-
Czerwiriska J, Herron P, Jakimowicz D: Unique function of the
bacterial chromosome segregation machinery in apically
growing Streptomyces — targeting the chromosome to new
hyphal tubes and its anchorage at the tips. PLoS Genet 2016,
12:¢1006488.

34. Kerr L, Hoskisson PA: Reconciling DNA replication and
transcription in a hyphal organism: visualizing transcription
complexes in live Streptomyces coelicolor. Microbiology 2019,
165:1086-1094.

35. Skellam E: Subcellular localization of fungal specialized
metabolites. Fungal Biol Biotechnol 2022, 9:1-25.

36. Grininger M: Enzymology of assembly line synthesis by modular
polyketide synthases. Nat Chem Biol 2023, 19:401-415.

37. Gober R, Wheeler R, Rohr J: Post-PKS enzyme complexes.
MedChemComm 2019, 10:1855-1866.

38. Chevrette MG, Gutiérrez-Garcia K, Selem-Mojica N, Aguilar-
Martinez C, Yanez-Olvera A, Ramos-Aboites HE, Hoskisson PA,
Barona-Gémez F: Evolutionary dynamics of natural product
biosynthesis in bacteria. Nat Prod Rep 2020, 37:566-599.

39. Chen J, Van Heel AJ, Kuipers OP: Subcellular localization and

e assembly process of the nisin biosynthesis machinery in
Lactococcus lactis. mBio 2020, 11:1-22.

Demonstrates dynamic subcellular localisation of natural product bio-

synthetic machinary and export in bacteria, which is likely to be a

common in natural product biosynthesis.

40. Chen J, Van Heel AJ, Kuipers OP: Visualization and analysis of
the dynamic assembly of a heterologous lantibiotic
biosynthesis complex in bacillus subtilis. mBio 2021, 12:1-20.

41. Traxler MF, Seyedsayamdost MR, Clardy J, Kolter R: Interspecies
modulation of bacterial development through iron competition
and siderophore piracy. Mol Microbiol 2012, 86:628.

42. Watrous JD, Dorrestein PC: Imaging mass spectrometry in
microbiology. Nat Rev Microbiol 2011, 9:683.

43. Pessotti RDC, Hansen BL, Zacharia VM, Polyakov D, Traxler MF:
* High spatial resolution imaging mass spectrometry reveals

chemical heterogeneity across bacterial microcolonies. Anal
Chem 2019, 91:14818-14823.
Beautiful demonstration of the value and power of high-resolution MSI
to distinguish spatial heterogeneity within single Streptomyces colonies.

44. Singh N, Bhalla N: Moonlighting proteins. Annu Rev Genet 2020,
54:265-285.

45. Gupta MN, Uversky VN: Moonlighting enzymes: when cellular
context defines specificity. Cell Mol Life Sci 2023, 80:1-23.

46. Schiewe HJ, Zeeck A: Cineromycins, gamma-butyrolactones
and ansamycins by analysis of the secondary metabolite
pattern created by a single strain of Streptomyces. J Antibiot
1999, 52:635-642.

47. Gavriilidou A, Kautsar SA, Zaburannyi N, Krug D, Mdller R, Medema
MH, Ziemert N: Compendium of specialized metabolite
biosynthetic diversity encoded in bacterial genomes. Nat
Microbiol 2022, 7:726-735.

48. Noda-Garcia L, Tawfik DS: Enzyme evolution in natural products
biosynthesis: target- or diversity-oriented? Curr Opin Chem Biol
2020, 59:147-154.

49. Chevrette MG, Hoskisson PA, Barona-Gémez F: Enzyme evolution
in secondary metabolism. Comprehensive Natural Products lll.
2020, https://doi.org/10.1016/B978-0-12-409547-2.14712-2

50. Chevrette MG, Hoskisson PA, Barona-Gémez F: 6.06 - Enzyme
Evolution in Secondary Metabolism. Comprehensive Natural
Products lll. Elsevier; 2020:90-112.

51. Su L, Souaibou Y , Hétel L , Paris C , Weissman KJ , Aigle B :

ee Bijosynthesis of Novel Desferrioxamine Derivatives Requires
Unprecedented Crosstalk Between Separate NRPS-Independent
Siderophore Pathways; bioRxiv. 2023. (doi:10.1101/2023.07.28.
551008).

Unprecedented chemical and genetic evidence underlying dFO metabolic

diversity in Streptomyces, involving pathway cross-talk and complex

metabolic integration. This realization opens a new avenue to explore the

link between dFOs and colony heterogeneity at the genetic level.

52. Cruz-Morales P, Ramos-Aboites HE, Licona-Cassani C, Selem-
Modijica N, Mejia-Ponce PM, Souza-Saldivar V, Barona-Gomez F:
Actinobacteria phylogenomics, selective isolation from an iron
oligotrophic environment and siderophore functional
characterization, unveil new desferrioxamine traits. FEMS
Microbiol Ecol 2017, 93:1-12.

53. Sidebottom AM, Johnson AR, Karty JA, Trader DJ, Carlson EE:
Integrated metabolomics approach facilitates discovery of an
unpredicted natural product suite from Streptomyces
coelicolor M145. ACS Chem Biol 2013, 8:2009-2016.

54. Yamanaka K, Oikawa H, Ogawa HO, Hosono K, Shinmachi F,
Takano H, Sakuda S, Beppu T, Ueda K: Desferrioxamine E
produced by Streptomyces griseus stimulates growth and
development of Streptomyces tanashiensis. Microbiology 2005,
151:2899-2905.

55. Tierrafria VH, Ramos-Aboites HE, Gosset G, Barona-Gémez F:
Disruption of the siderophore-binding desE receptor gene in
Streptomyces coelicolor A3(2) results in impaired growth in
spite of multiple iron-siderophore transport systems. Micro
Biotechnol 2011, 4:275-285.

56. Lambert S, Traxler MF, Craig M, Maciejewska M, Ongena M, Van
Wezel GP, Kolter R, Rigali S: Altered desferrioxamine-mediated
iron utilization is a common trait of bald mutants of
Streptomyces coelicolor. Metallomics 2014, 6:1390-1399.

57. Craig M, Lambert S, Jourdan S, Tenconi E, Colson S, Maciejewska
M, Ongena M, Martin JF, van Wezel G, Rigali S: Unsuspected
control of siderophore production by N-acetylglucosamine in
streptomycetes. Environ Microbiol Rep 2012, 4:512-521.

58. ChengV, Yang R, Lyu M, Wang S, Liu X, Wen Y, Song Y, Li J, Chen
Z: IdeR, a DtxR family iron response regulator, controls iron
homeostasis, morphological differentiation, secondary
metabolism, and the oxidative stress response in
Streptomyces avermitilis. Appl Environ Microbiol 2018,
84:01503-01518.

Current Opinion in Microbiology 2024, 78:102448

www.sciencedirect.com



59.

60.

61.

62.

63.

64.

Phenotypic heterogeneity in Streptomyces colonies Hoskisson, Barona-Gémez and Rozen 9

Barona-Gémez F, Lautru S, Francou F-X, Leblond P, Pernodet J-L,
Challis GL: Multiple biosynthetic and uptake systems mediate
siderophore-dependent iron acquisition in Streptomyces
coelicolor A3(2) and Stremptomyces ambofaciens ATCC 23877.
Microbiology 2006, 152:3355-3366.

Locatelli FM, Goo KS, Ulanova D: Effects of trace metal ions on
secondary metabolism and the morphological development of
streptomycetes. Metallomics 2016, 8:469-480.

Shepherdson EMF, Elliot MA: Cryptic specialized metabolites
drive Streptomyces exploration and provide a competitive
advantage during growth with other microbes. Proc Nat/ Acad
Sci USA 2022, 119:¢2211052119.

Terra L, Ratcliffe N, Castro HC, Vicente ACP, Dyson P:
Biotechnological potential of Streptomyces siderophores as
new antibiotics. Curr Med Chem 2021, 28:1407-1421.

Mridha S, Kimmerli R: Coordination of siderophore gene
expression among clonal cells of the bacterium Pseudomonas
aeruginosa. Commun Biol 2022, 5:1-12.

McRose DL, Li J, Newman DK: The chemical ecology of
coumarins and phenazines affects iron acquisition by
pseudomonads. Proc Natl Acad Sci USA 2023, 120:e2217951120.

Chemical interaction of coumarins and phenazines during plant —
pseudomonas interactions, providing evidence for the notion of “many
metabolites, many functions.”

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

West AKR, Bailey CB: Crosstalk between primary and secondary
metabolism: interconnected fatty acid and polyketide biosynthesis
in prokaryotes. Bioorg Med Chem Lett 2023, 91:129377.

Barona-Gémez F, Cruz-Morales P, Noda-Garcia L: What can
genome-scale metabolic network reconstructions do for
prokaryotic systematics? Antonie Van Leeuwenhoek Int J Gen
Mol Microbiol 2012, 101:35-43.

Schniete JK, Cruz-Morales P, Selem-Mojica N, Fernandez-
Martinez LT, Hunter IS, Barona-Gémez F, Hoskisson PA:
Expanding primary metabolism helps generate the metabolic
robustness to facilitate antibiotic biosynthesis in
Streptomyces. mBio 2018, 9:1-13.

Gomez-Escribano JP, Song L, Fox DJ, Yeo V, Bibb MJ, Challis GL:
Structure and biosynthesis of the unusual polyketide alkaloid

coelimycin P1, a metabolic product of the cpk gene cluster of
Streptomyces coelicolor M145. Chem Sci 2012, 3:2716-2720.

Lee N, Hwang S, Kim W, Lee Y, Kim JH, Cho S, Kim HU, Yoon YJ,
Oh MK, Palsson BO, et al.: Systems and synthetic biology to
elucidate secondary metabolite biosynthetic gene clusters
encoded in Streptomyces genomes. Nat Prod Rep 2021,
38:1330-1361.

Barona-Gémez F, Hodgson DA: Multicopy proC in Streptomyces
coelicolor A3(2) elicits a transient production of prodiginines,
while proC deletion does not yield a proline auxotroph. J Mo/
Microbiol Biotechnol 2010, 19:152-158.

Verdel-Aranda K, Lépez-Cortina ST, Hodgson DA, Barona-Gémez
F: Molecular annotation of ketol-acid reductoisomerases from
Streptomyces reveals a novel amino acid biosynthesis
interlock mediated by enzyme promiscuity. Micro Biotechnol
2015, 8:239-252.

Garg RP, Ma Y, Hoyt JC, Parry RJ: Molecular characterization
and analysis of the biosynthetic gene cluster for the azoxy
antibiotic valanimycin. Mol Microbiol 2002, 46:505-517.

Hojati Z, Milne C, Harvey B, Gordon L, Borg M, Flett F, Wilkinson B,
Sidebottom PJ, Rudd BAM, Hayes MA, et al.: Structure,
biosynthetic origin, and engineered biosynthesis of calcium-
dependent antibiotics from Streptomyces coelicolor. Chem Biol
2002, 9:1175-1187.

Milne C, Powell A, Jim J, Al Nakeeb M, Smith CP, Micklefield J:
Biosynthesis of the (2S,3R)-3-methyl glutamate residue of
nonribosomal lipopeptides. J Am Chem Soc 2006,
128:11250-11259.

Amir-Heidari B, Thirlway J, Micklefield J: Auxotrophic-precursor
directed biosynthesis of nonribosomal lipopeptides with
modified tryptophan residues. Org Biomol Chem 2008,
6:975-978.

76.

77.

78.

West SA, Cooper GA: Division of labour in microorganisms: an
evolutionary perspective. Nat Rev Microbiol 2016, 14:716-723.

Zhang Z, Claessen D, Rozen DE: Understanding microbial
divisions of labor. Front Microbiol 2016, 7:1-7.

Fisher RM, Cornwallis CK, West SA: Group formation,
relatedness, and the evolution of multicellularity. Curr Biol 2013,
23:1120-1125.

Highly influential study on the relationship between relatedness and the
evolution of multiple cell types in multicellular organisms.

79.

80.

81.

Traxler MF, Rozen DE: Ecological drivers of division of labour in
Streptomyces. Curr Opin Microbiol 2022, 67:102184.

Zhang Z, Shitut S, Claushuis B, Claessen D, Rozen DE: Mutational
meltdown of putative microbial altruists in Streptomyces
coelicolor colonies. Nat Commun 2022, 13:1-9.

Zhang Z, Du C, de Barsy F, Liem M, Liakopoulos A, van Wezel GP,
Choi YH, Claessen D, Rozen DE: Antibiotic production in
Streptomyces is organized by a division of labor through
terminal genomic differentiation. Sci Adv 2020, 6.

. Zacharia V, Ra Y, Sue C, Alcala E, Reaso J, Ruzin S, Traxler M:

Genetic network architecture and environmental cues drive
spatial organization of phenotypic division of labor in
Streptomyces coelicolor. mBio 2021, 12:e00794-21.

References 82 and 83 provide evidence, via distinct mechanisms, for
the emergence of division of labour for antibiotic production in
Streptomyces coelicolor colonies.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Zhang Z: Group Benefits From Genomic Instability: A Tale of
Antibiotic Warriors in Streptomyces (PhD Thesis). Leiden
University; 2021:160.

Bode HB, Bethe B, Hfs R, Zeeck A: Big effects from small
changes: possible ways to explore nature’s chemical diversity.
ChemBioChem 2002, 3:619-627.

Selegato DM, Castro-Gamboa |: Enhancing chemical and
biological diversity by co-cultivation. Front Microbiol 2023,
14:1-23.

Ueda K, Beppu T: Antibiotics in microbial coculture. J Antibiot
2016, 70:361-365.

Cornforth DM, Foster KR: Competition sensing: the social side of
bacterial stress responses. Nat Rev Microbiol 2013, 11:285-293.

Westhoff S, Kloosterman AM, van Hoesel SFA, van Wezel GP,
Rozen DE: Competition sensing changes antibiotic production
in Streptomyces. mBio 2021, 12:1-13.

Abrudan MI, Smakman F, Grimbergen AJ, Westhoff S, Miller EL,
Van Wezel GP, Rozen DE: Socially mediated induction and
suppression of antibiosis during bacterial coexistence. Proc
Natl Acad Sci USA 2015, 112:11054-11059.

Traxler MF, Watrous JD, Alexandrov T, Dorrestein PC, Kolter R:
Interspecies interactions stimulate diversification of the
Streptomyces coelicolor secreted metabolome. mBio 2013, 4:1-12.

Boruta T: A bioprocess perspective on the production of
secondary metabolites by Streptomyces in submerged co-
cultures. World J Microbiol Biotechnol 2021, 37:1-15.

Wu C, Zacchetti B, Ram AFJ, Van Wezel GP, Claessen D, Choi YH:
Expanding the chemical space for natural products by
Aspergillus-Streptomyces co-cultivation and
biotransformation. Sci Rep 2015, 5:1-10.

Schroeckh V, Scherlach K, Niutzmann HW, Shelest E, Schmidt-
Heck W, Schuemann J, Martin K, Hertweck C, Brakhage AA:
Intimate bacterial-fungal interaction triggers biosynthesis of
archetypal polyketides in Aspergillus nidulans. Proc Natl Acad
Sci USA 2009, 106:14558-14563.

Ueda K, Kawai S, Ogawa HO, Kiyama A, Kubota T, Kawanobe H,
Beppu T: Wide distribution of interspecific stimulatory events

on antibiotic production and sporulation among Streptomyces
species. J Antibiot 2000, 53:979-982.

. Okada BK, Seyedsayamdost MR: Antibiotic dialogues: induction

of silent biosynthetic gene clusters by exogenous small
molecules. FEMS Microbiol Rev 2017, 41:19-33.

www.sciencedirect.com

Current Opinion in Microbiology 2024, 78:102448



10 Cell Regulation

96. Onaka H, Mori Y, Igarashi Y, Furumai T: Mycolic acid-containing 98. Sharma K, Palatinszky M, Nikolov G, Berry D, Shank E: Transparent

bacteria induce natural-product biosynthesis in Streptomyces soil microcosms for live-cell imaging and non-destructive stable
species. Appl Environ Microbiol 2011, 77:400. isotope probing of soil microorganisms. Elife 2020, 9:1-28.

97. Lee N, Kim W, Chung J, Lee Y, Cho S, Jang KS, Kim SC, Palsson 99. Rooney LM, Dupuy LX, Hoskisson PA, McConnell G: Construction
B, Cho BK: Iron competition triggers antibiotic biosynthesis in and Characterisation of a Structured, Tuneable, and Transparent
Streptomyces coelicolor during coculture with Myxococcus 3D Culture Platform for Soil Bacteria. bioRxiv; 2023. (doi:10.1101/
xanthus. ISME J 2020, 14:1111-1124. 2023.06.28.546105).

Current Opinion in Microbiology 2024, 78:102448 www.sciencedirect.com



	Phenotypic heterogeneity in Streptomyces colonies
	Introduction
	Why should Streptomyces colonies become heterogeneous?
	Spatial segregation due to subcellular physical heterogeneity
	How metabolic diversity and precursor supply can drive functional heterogeneity
	Adaptive benefits of division of labour
	Competitive drivers of heterogeneity
	Conclusion
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




