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ARTICLE INFO ABSTRACT

Keywords: Microbial cells within clonal populations can display different morphologies or carry out different tasks. This
Heterogeneity heterogeneity is beneficial at the population level and allows microbes to spread risk or separate incompatible
F“f{gi activities. Heterogeneity is also evident in filamentous bacteria and fungi, which form mycelial networks con-
Actinomycetes sisting of interconnected hyphae. Here, heterogeneity is observed between clonal mycelial particles, between
I]\B/Ilszii};ﬁzllﬁi};y different zones of colonies, between adjacent hyphae and even between adjacent compartments of individual

hyphae. In this review, we compare this multiscale heterogeneity in filamentous bacteria and fungi and discuss

the underlying mechanisms. These mechanisms might provide targets to improve the exploitability of these
organisms as cell factories in the biotech sector.

1. Introduction

One of the assumptions in microbiology was that cells in a mono-
clonal microbial population would be phenotypically indistinguishable
when provided with a constant environment. Over the last two decades,
however, the development of high-throughput analytical techniques
has enabled microbiologists to study large numbers of cells at the in-
dividual level (Binder et al., 2017; Brehm-Stecher and Johnson, 2004;
Davis and Isberg, 2016) and to unambiguously demonstrate that pro-
cesses such as metabolism, transcription, translation and protein se-
cretion are heterogeneous in space and time across cells (Ackermann,
2015; Avery, 2006; Smits et al., 2006; van Boxtel et al., 2017; Veening
et al., 2008b; Wosten et al., 2013). Examples of these heterogeneities
have been documented in a wide range of microorganisms, including
some of the best-characterized prokaryotic and eukaryotic model or-
ganisms (e.g. Escherichia coli, Bacillus subtilis and Saccharomyces cerevi-
siae, among others) (Chastanet et al., 2010; Elowitz et al., 2002; Levy
et al., 2012; Maamar et al., 2007). While heterogeneity has been mostly
addressed in unicellular microbes, it is also evident in multicellular
species. In this review, we will focus on heterogeneities in filamentous
microorganisms that are employed as cell factories in the industrial
sector. We will discuss the consequences (disadvantages and benefits)
of these heterogeneities and the mechanisms through which these are
established.
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2. The consequences of phenotypic heterogeneity

Phenotypic heterogeneity allows microbes to withstand environ-
mental fluctuations and carry out specialized functions at the level of
single cells. In their natural habitats, microbes are confronted with
rapidly changing environmental conditions. The best-known me-
chanism to withstand such changes is to modulate gene expression
(Jacob and Monod, 1961). Changes in gene expression can lead to
profound phenotypic changes, including cellular differentiation. Many
microbes, however, ensure that a number of cells within a clonal po-
pulation already possess certain defensive traits, even when the corre-
sponding environmental stimulus is not present (Philippi and Seger,
1989). As a consequence of this strategy, commonly referred to as bet-
hedging, only a fraction of the cells will pay the cost (e.g. reduced
metabolic proficiency) associated with the expression of those genes
conferring potentially useful features. Should the environmental con-
ditions become adverse and change in their favor, these cells would
already be equipped to withstand the altered conditions and are
therefore more likely to survive. This behavior is beneficial to the entire
population (Grimbergen et al., 2015).

Bet-hedging and phenotypic heterogeneity have been extensively
studied in Bacillus subtilis. This Gram-positive bacterium forms en-
dospores when exposed to stress conditions (e.g. starvation or the
presence of toxins) (Errington, 2003; Higgins and Dworkin, 2012).
These spores are metabolically dormant and highly resistant to extreme
temperatures, desiccation and ionizing radiation. When environmental
conditions suitable for growth are restored, spores germinate to
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Fig. 1. Examples and benefits of microbial heterogeneity. (A) Bet-hedging. Microbial clonal populations often contain persisters. Such dormant cells are beneficial in
conditions counter-selecting growing cells, for instance due to the presence of an antibiotic. When the normal conditions return, these persisters initiate growth,
thereby restoring the population. (B) Division of labor in cyanobacteria. Oxygenic photosynthesis and nitrogen fixation are chemically incompatible processes, since
the oxygen produced through photosynthesis inactivates the nitrogenase enzyme required for nitrogen fixation. Cyanobacteria physically separate these processes by
forming specialized nitrogen-fixing cells called heterocysts. The fixed nitrogen will diffuse to the neighboring cells, while heterocysts benefit from the organic carbon
produced by cells engaging in photosynthesis. (C) Production of secreted molecules. The production and secretion of molecules that benefit the entire population is
often carried out by only a subset of cells. In this example, some Bacillus subtilis cells secrete proteases that provide hydrolyzed nutrients to the whole population
under nutrient-limiting conditions. It is not clear whether the non-secreting cells participate in other ways to the overall survival of the population.

establish colonies of vegetative cells. A bet-hedging control of spor-
ulation has two main advantages. On the one hand, it assures that not
all cells commit themselves to sporulation, which is notoriously a
lengthy and irreversible process (Chastanet et al., 2010; Russell et al.,
2017). In this way, when only a fraction of the cells sporulates, the non-
sporulating ones can quickly reinitiate growth in case the stress con-
dition turns out to be transient, hence preventing the population from
becoming outnumbered by competitors. On the other hand, since en-
vironmental changes are sometimes too harmful for the sporulation
process to complete, the stochastic initiation of sporulation ensures that
some cells undergo sporulation even in the absence of adverse condi-
tions (Siebring et al., 2014; Veening et al., 2008c).

Another canonical example of the benefits of microbial individuality
is that of bacterial persistence. A fraction of Escherichia coli cells forms
metabolically dormant persister cells that are able to withstand various
environmental insults, such as the prolonged exposure to antibiotics
(Balaban et al., 2004), and to resume growth when the original con-
ditions are restored (Fig. 1). Sub-populations of non-growing persisters
that survive exposure to antibiotics have also been reported in Salmo-
nella (Claudi et al., 2014; Helaine et al., 2014) and Mycobacterium
(Manina et al., 2015). The appearance of persisters can also occur when
cells are not challenged by antimicrobials (Balaban et al., 2004), al-
though stressful conditions can enhance their abundance within a
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population (Dérr et al., 2010; Johnson and Levin, 2013; Mulcahy et al.,
2010). A similar strategy has been reported in Saccharomyces cerevisiae.
Within clonal populations of this yeast, certain individuals are char-
acterized by lower growth rates and concomitantly possess higher re-
sistance to heat shock due to the accumulation of the protecting dis-
accharide trehalose (Levy et al., 2012). Notably, experimentally tuning
growth rates of S. cerevisiae using chemostat cultures has highlighted
that many of the genes activated upon heat stress are also active under
conditions of slow growth, which is again substantiated by the ob-
servation that cells that grow slowly are more resistant to heat stress
(Lu et al., 2009).

Recent studies have shown that bet-hedging strategies culminating
in phenotypic heterogeneity also become evident when microbial cells
are exposed to fluctuating nutritional regimes (Kotte et al., 2014;
Solopova et al., 2014; van Heerden et al., 2014). This is no surprise
when considering the rapidly changing nutritional conditions that mi-
crobial cells endure in their natural environments. When exposed to
mixtures of carbon source, microbes typically consume them in a se-
quential manner. As a consequence, distinct growth phases are ob-
served that are separated by a lag phase. During this phase, cells are
believed to undergo the physiological adaptations needed for the up-
take and consumption of the second carbon source. This behavior is
known as diauxie (Monod, 1949). The diauxic shift in Lactococcus lactis
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is explained by the fact that only a limited number of cells is able to
metabolize the second carbon source. Interestingly, these cells emerge
when the preferred carbon source is still present (Solopova et al., 2014).
The decision to commit to the metabolism of the less preferred source
depends on the metabolic state of the cell prior to the depletion of the
preferred carbon source, while the number of cells enacting the shift is
inversely proportional to the abundance of the first carbon source. This
mechanism provides an alternative explanation for the decades-old
concept of metabolic adaptation during diauxic shifts, which may also
be relevant for other lag phases observed in microbiology.

While bet-hedging is beneficial in unpredictable and fluctuating
environments, phenotypical heterogeneity can also be advantageous in
non-fluctuating conditions, for instance when different processes have
to be carried out simultaneously within a clonal population. This so-
called division of labor is characterized by the coexistence of sub-
populations of cells specialized in performing complementary tasks
(van Gestel et al., 2015a, 2015b; Zhang et al., 2016). Under nutrient-
limiting conditions, B. subtilis secretes subtilisin E, which degrades
proteins into small peptides that are accessible to all community
members (Veening et al., 2008a). Single-cell measurements have re-
vealed that only a minority of cells produce and secrete this protease,
indicating that only a few members of the clonal population pay the
cost associated with its production. It is not yet clear whether this
strategy represents a form of pure altruism whereby the producing cells
pay the production-associated costs for the benefit of the entire popu-
lation, or whether it represents a cooperative behavior in that both the
producer and the recipient cells mutually benefit from each other.
Numerous are the other reported examples where some cells pay the
cost for the benefit of the entire population; these include Salmonella
enterica (Arnoldini et al., 2014; Diard et al., 2013), Myxococcus xanthus
(Velicer et al., 2000), and certain protozoans (Strassmann et al., 2000).
M. xanthus represents perhaps the most spectacular example of the
commitment of subsets of cells within a given population to a specific
function. In the presence of excess nutrients, M. xanthus establishes a
motile group of cells called a swarm. The swarm explores the en-
vironment to forage for nutrients or predate on other bacteria
(Reichenbach, 1999). Upon starvation, growth is arrested, and a de-
velopmental program is initiated that culminates in the formation of
spore-bearing fruiting bodies. Three distinct subpopulations of cells
contribute to the formation of fruiting bodies. While only 10% of cells
differentiate into spores, roughly 30% form peripheral rods on the outer
surface of the fruiting body, while the remaining fraction undergoes
programmed cell lysis (Nariya and Inouye, 2008; O'Connor and
Zusman, 1991; Wireman and Dworkin, 1977). The fact that such a
major fraction of the population undergoes PCD is a remarkable ex-
ample of social behavior, with the lysing cells providing nutrients and
energy for sporulation to complete and in turn ensure the propagation
of their genome (Berleman et al., 2006; Wireman and Dworkin, 1977).

In some microorganisms, division of labor is employed as a strategy
to perform incompatible metabolic processes (de Lorenzo et al., 2015;
Johnson et al., 2012; Levine et al., 2013). The best-known example of
this strategy is the spatial segregation of nitrogen fixation and photo-
synthesis in cyanobacteria (Mitsui et al., 1986) (Fig. 1). The nitrogenase
enzyme required for nitrogen fixation is sensitive to oxygen, the pro-
duct of photosynthesis. For this reason, some cyanobacteria generate
specialized cells called heterocysts, which are specialized in nitrogen
fixation while lacking the oxygenic photosystem (Adams, 2000). Het-
erocysts also have a different cell wall composition that contributes to
the exclusion of oxygen to protect the nitrogenase enzyme (Kumar
et al., 2010). On the other hand, non-heterocystous cyanobacteria se-
parate photosynthesis and nitrogen fixation by temporally segregating
the two incompatible processes (Berman-Frank et al., 2001).

3. Mechanisms underlying individuality in unicellular microbes

When compared to higher multicellular eukaryotes, the regulation
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of gene expression in microorganisms (especially in prokaryotes) ap-
pears to be controlled by only a handful of mechanisms. As a con-
sequence, one would expect any given gene to be expressed at a similar
level in isogenic microbial cells exposed to the same environmental
conditions. However, it is well accepted that bacterial gene expression
is subject to intrinsic noise. In a pioneering study that paved the road
for the nascent field of microbial heterogeneity, cells of E. coli were
engineered to express two distinguishable fluorescent proteins under
control of the same promoter. Major differences in the expression of
these reporters were detected both within and between cells, indicating
that gene expression is subject to intrinsic fluctuations (Elowitz et al.,
2002). It is interesting to note that the level of transcription negatively
correlates with the heterogeneity in fluorescence emission, indicating
that intrinsic noise is more pronounced at low transcriptional levels.
Extensive work has shown that a considerable degree of heterogeneity
between microbial cells originates from the fact that transcription and
translation occur in so called pulses or “bursts” (Blake et al., 2003; Cai
et al., 2006; Golding et al., 2005; Ozbudak et al., 2002). Since these
stochastic pulses are asynchronous between cells, distinct subpopula-
tions can evolve and coexist. A number of studies on B. subtilis have
shown how pulsating genetic circuits control processes such as the
development of competence, the onset of sporulation, and the response
to environmental stresses (Levine et al., 2012; Locke et al., 2011; Stiel
et al., 2007; Young et al., 2013). Notably, single cell measurements in
both prokaryotic and eukaryotic microbes have revealed disparities in
the degree of transcriptional noise between different genes within a
single cell. These disparities are seemingly not arbitrary, as the tran-
scription of housekeeping genes is generally less noisy than that of
genes associated with stress or dispensable metabolic functions
(Newman et al., 2006; Silander et al., 2012; Taniguchi et al., 2010).

Phenotypic heterogeneity between cells can also originate from
transcriptional differences caused by cellular processes. Several studies
have shown that physiological factors such as growth rate and cell cycle
stage can substantially influence gene expression (Berthoumieux et al.,
2013; Slavov and Botstein, 2013). Single-cell studies have recently shed
light on the importance of the feedback of growth in causing hetero-
geneity. For example, fluctuations in the expression of metabolic genes
can lead to fluctuations in the growth rate of individual cells, which in
turn not only perturb the expression of other metabolic genes, but also
of unrelated gene networks (Kiviet et al., 2014; Klumpp and Hwa, 2014;
Tan et al., 2009). Deterministic choices can also be a source of cell-to-
cell heterogeneity. For example, metal ion scarcity leads to a growth
arrest in newborn daughter cells of S. cerevisiae (i.e. cells which have
not budded yet). As a consequence, two populations of cells emerge:
older dividing cells and younger non-dividing cells (Avraham et al.,
2013). This is explained by the fact that the vacuole, which is the re-
servoir for metals, is not propagated to daughter cells, while it is
maintained in the mother cells which keep dividing. This strategy re-
sults in higher fitness under zinc-limiting conditions than in a mutant
strain where vacuole segregation occurs homogeneously. In the latter
case, zinc is diluted in fact to an extent that eventually impedes cellular
division.

The generation of phenotypic heterogeneity and multi-stability have
also been the subject for numerous mathematical models. Such models
are important for better understanding the principles behind bet-hed-
ging and provide predictive value that can be tested experimentally.
Recent models include the stochastic nature of cellular processes and
provide a powerful framework for understanding phenotypic switching
between different cellular states. We here wish to refer to some ex-
cellent papers for readers interested to learn more about this aspect (see
e.g. Henson, 2003; Jia et al., 2014; Meister et al., 2014; Wilkinson,
2009, and references therein).

4. Heterogeneity in filamentous organisms

The features of phenotypic heterogeneity discussed in the previous
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sections relate to unicellular microorganisms, the cells of which are, at
least under most conditions, spatially separated from one-another. In
contrast, many multicellular microbes such as filamentous actinomy-
cetes and fungi grow by means of interconnected filaments that only
physically separate into unicellular propagules during the reproductive
phase (Claessen et al., 2014). From a morphological perspective, the
mode of growth of filamentous actinomycetes is similar to that of fi-
lamentous fungi. This is the reason why, despite bearing the structural
features of bacteria, actinomycetes were originally believed to be fungi
(Goodfellow et al., 1983). In contrast to most unicellular organisms,
filamentous fungi and actinomycetes possess a complex life cycle
characterized by distinct developmental stages and the co-existence of
different specialized cells. Both kinds of microorganisms propagate via
spores, dormant cells equipped to withstand harsh environmental
conditions (Barka et al., 2016; Walker and White, 2005). Spores ger-
minate under favorable conditions, leading to germ tubes that elongate
to form thread-like cells called hyphae. Hyphae of filamentous fungi
and actinomycetes have a diameter of about 2-10 um and 0.5-2 pm,
respectively. They elongate at their tip (or apex), while new hyphae
emerge subapically by branching (Flardh, 2010; Riquelme, 2013). The
combination of apical growth and branching yields an interwoven
cellular network called a mycelium. The growing vegetative mycelium
(also called substrate mycelium) colonizes the environment by ra-
diating leading hyphae from peripheral regions of the colony. The en-
countered polymeric substrates are degraded by means of secreted
hydrolytic enzymes and the degradation products are internalized by
the cells to serve as nutrients (Barka et al., 2016). When nutrients be-
come scarce, colonies of filamentous microbes develop into complex
multicellular consortia of different cell types (Chater, 1998; Krijgsheld
et al., 2013a; Kues and Liu, 2000). For instance, while the peripheral
regions of Streptomyces colonies proceed with vegetative growth, more
central and non-growing parts of the colony undergo an ordered process
of chemical and morphological differentiation (Borkovich and Ebbole,
2010; Manteca et al., 2005a). Such chemical differentiation is re-
sponsible for the production of various secondary metabolites, many of
which are exploited for commercial use (Barka et al., 2016; Bérdy,
2005; Hopwood, 2007) (see below). Coinciding with this chemical dif-
ferentiation, specialized aerial hyphae emerge on the colony surface.
The aerial hyphae of actinomycetes differentiate into chains of uni-
genomic spores, while those of fungi form more elaborate asexual (e.g.
condidiophores) or sexual reproductive structures (e.g. mushrooms).

When grown in close proximity to certain yeasts (e.g S. cerevisiae) or
when faced with conditions of nutrient scarcity, some streptomycetes
(i.e. the best-studied and industrially the most relevant representatives
of the actinomycetes) form so-called “exploring” cells. These cells can
travel over nutrient-void abiotic surfaces and promote the spreading of
colonies over large surfaces (Jones et al., 2017). Despite being mor-
phologically similar to aerial hyphae in that they do not branch, ex-
ploratory hyphae miss the hydrophobic coating which is distinctive of
aerial structures, and hence represent a new cellular type with features
of both vegetative and aerial hyphae. This functional differentiation is
reminiscent of a bet-hedging strategy, with explorer cells allowing
dispersal in those cases in which sporulation might be too costly or take
too long to complete (Jones and Elliot, 2017).

Although the distinction in structure and function between vegeta-
tive and reproductive hyphae has been known for many decades
(Chater, 1998), we are now beginning to understand that heterogeneity
is also evident in mycelial aggregates growing in liquid environments,
between zones of mycelia, between adjacent hyphae within a colony
zone and even between compartments of a single hypha. In the fol-
lowing sections we will first describe methodologies used to study
heterogeneity in filamentous microbial populations before discussing
intra- and inter-hyphal heterogeneity in the vegetative mycelium of
streptomycetes and filamentous fungi on solid substrates. We will then
discuss heterogeneity in liquid-grown mycelia and its effect on pro-
duction performances of commercially valuable products.
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4.1. Techniques for studying phenotypic heterogeneity in filamentous
microbes

The analysis of heterogeneity relies on techniques that enable the
qualitative and quantitative assessment of physiological traits at the
single cell level. Microfluidics and flow-cytometry approaches have
contributed strongly to the study of phenotypic heterogeneity in uni-
cellular microbes (Ackermann, 2015; Avery, 2006; Davis and Isberg,
2016). Microfluidics systems use miniaturized growth chambers that
allow growth of various cell types in a finely controlled micro-
environment (Delvigne et al., 2017). Because of this feature, differences
observed between cells can exclusively be attributed to intrinsic cellular
heterogeneity and not to varying environmental conditions. Most mi-
crofluidics devices can easily be accommodated in various type of mi-
croscopes which, in turn, allows to finely track growth of single cells,
but also to use fluorescent reporters (i.e. fluorescent proteins and dyes).
Different concepts have been developed in recent years, encompassing a
large range of sizes and designs (Grunberger et al., 2014; Hol and
Dekker, 2014; Reece et al., 2016; Wu and Dekker, 2016). The use of
microfluidics for studying filamentous organisms is limited (Griinberger
et al., 2013), which relates to the fact that mycelia typically form large
multicellular structures formed by hyphae growing and branching in
three dimensions. As a result, the mycelium easily grows out of the
crafted chambers. Microfluidic approaches would be feasible only by
confining growth to two dimensions, which could however dramati-
cally affect the physiology of the mycelium.

While microfluidic approaches are valuable for studying the beha-
viour of individual cells, flow cytometry allows for the rapid analysis of
large numbers of cells. Multiple parameters are analysed, including cell
size, granularity, and fluorescence. As in the case of microfluidics,
suspended cells or cell aggregates (mainly encountered in filamentous
microbes) sense a constant environment in well-mixed submerged
cultures, which allows to directly designate the observed heterogeneity
as an intrinsic property of the system under analysis. Notably, con-
ventional flow cytometers are not suitable for the analysis of mycelial
particles, due to the large size of these structures. However, a number of
cytometric apparatuses are nowadays available that were specifically
developed for large objects and have been successfully used to study
differences between mycelial particles within populations of fila-
mentous microbes (de Bekker et al., 2011b; Petrus et al., 2014; van
Veluw et al., 2012). These approaches are however limited to the dis-
crimination of heterogeneity between distinct particles and lack the re-
solution to study heterogeneity within individual particles. To study
heterogeneities at a lower scale (e.g. between distinct filaments in in-
dividual particles), fluorescence microscopy-based approaches are most
commonly used. Alternatively, laser capture microdissection (LCM) can
be used to collect individual mycelial sections or even individual fila-
ments, which can be subsequently analysed in a comprehensive manner
using -omics or next generation sequencing techniques (de Bekker et al.,
2011a, 2011b).

One other technique to study heterogeneity in filamentous microbes
is nanoscale secondary ion mass spectrometry (nanoSIMS). nanoSIMS
provides information on the molecular and isotopic compositions of
various types of biological samples with a high spatial resolution (He
et al., 2017; Nunez et al., 2017). This technique has recently been used
to detect differences in carbon assimilation between adjacent cells of
the non-branching actinomycete Microthrix parvicella (Sheik et al.,
2016). NanoSIMS can thus be used to characterize metabolic differ-
ences between cellular compartments along hyphae.

4.2. Heterogeneity in the vegetative mycelium of filamentous organisms on
solid substrates

The vegetative mycelium of fungi and streptomycetes simulta-
neously performs a large number of different tasks. Besides producing
and secreting enzymes for nutrient assimilation, mycelia transport
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nutrients and chemically differentiate to produce a plethora of sec-
ondary metabolites (Barka et al., 2016; Borkovich and Ebbole, 2010;
Hopwood, 2007). Given that many of these metabolites are of great
value to industry, much attention has traditionally been focused on the
optimization of production performances in filamentous microbes.
However, research in this direction has often been performed using
“blind” screening procedures rather than strain optimization strategies
based on a deep knowledge of the producing organism (Papagianni,
2004). What has for instance been largely ignored so far is where the
production of all these compounds occurs within the mycelium, and
how approaches to increase productivity correlate with changes in the
localization of production.

The vegetative mycelium of several Streptomyces species is hetero-
geneous with respect to cellular morphology and physiology. More
specifically, the vegetative growth of streptomycetes has been found to
encompass two phases during which different cell types are formed
(Manteca et al., 2005a, 2005b). The young mycelium that is established
after spore germination is highly compartmentalized. The approxi-
mately 1-um-wide compartments are thought to be separated by
membrane structures and/or thin peptidoglycan-containing septa
(Yagiie et al., 2013; Yagiie et al., 2016). This first compartmentalized
mycelium, called MI mycelium, undergoes an ordered process of dis-
mantling, which is followed by a second growth phase during which a
multinucleated mycelium is established (MII). The cellular compart-
ments in this mycelium are significantly larger than those formed in the
MI mycelium (Manteca et al., 2005b). Following growth, the MII my-
celium undergoes a new round of dismantling, while the remaining
viable hyphae form reproductive aerial hyphae that grow into the air
(Manteca et al., 2007; Manteca et al., 2005a). Both death rounds are the
effect of a regulated cell suicide process, which bears close analogies to
that of apoptosis in eukaryotic cells. This resemblance is illustrated by
indicators such as the disruption of the cell wall and the cell membrane,
the degradation of DNA and the release of the cytoplasmic content into
the extracellular medium (Manteca et al., 2006). A proteomic char-
acterization of the first apoptotic process in S. coelicolor has highlighted
that the majority of the S. coelicolor proteins involved in the first
apoptotic process localize at the cell wall, which thus seems to re-
present the first target to be dismantled during the PCD process
(Manteca et al., 2010). Other proteins participating in cell dismantling
are enzymes involved in the metabolism of fatty acids, various hydro-
lases, catabolic enzymes, and proteases. The activity of these enzymes is
accompanied by an increase in membrane permeability and the sub-
sequent leakage of cytosolic components into the extracellular medium.
While the process of cellular dismantling has been observed and de-
scribed in several streptomycetes, virtually nothing is known about its
regulation and how it spatially and temporarily correlates with other
processes, such as antibiotic production.

Heterogeneity in the vegetative mycelium of filamentous fungi
grown on solid substrates occurs between zones of a colony, between
neighboring hyphae within a zone and between compartments of a
single hypha (Fig. 2). The first reports on inter-zonal heterogeneity
focused on protein secretion within the vegetative mycelium of Asper-
gillus niger and Phanerochaete chrysosporium. Secretion of the starch-
degrading enzyme glucoamylase was found to be spatially confined to
the peripheral zone of A. niger (Wosten et al., 1991), while lignin per-
oxidases were found to be released within the central zone of colonies
of P. chrysosporium (Moukha et al., 1993a; Moukha et al., 1993b). Later
studies revealed that each zone of an A. niger colony has its own se-
cretome composition (Krijgsheld et al., 2012). For instance, 6 and 10
proteins are at least 4-fold more and less abundant, respectively, in the
outer zone when compared to an intermediate zone. Interestingly, zonal
differences in expression in A. niger colonies can be explained by both
medium-dependent and medium-independent mechanisms (Levin et al.,
2007). The concentration and nature of the carbon source determines
about half of the variation in gene expression, whereas the other half is
attributed to differentiation processes in the vegetative mycelium
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(Levin et al., 2007). The nature of these differentiation processes is not
yet known.

Growth at the outer zone of a fungal colony is supported by nu-
trients in the substrate while the carbon source is exhausted in the
central parts of the colony (clearly, the same holds for the mycelia of
bacterial species). Here, the hyphae switch from growth on exogenous
to endogenous carbon (Pollack et al., 2008). This is accompanied by
vacuolization, reduced growth rate, and a decrease of the hyphal dia-
meter. Vacuolar degradation produces sufficient endogenous carbon to
support the formation of so-called secondary hyphae. In contrast to
streptomycetes, the endogenous carbon source is not released extra-
cellularly and then internalized by other hyphae, but it is transported to
the tips of the newly formed filaments. This mechanism secures the
nutrients for the fungus rather than enabling competing microbes to
absorb them from the environment. Yet, the autolysis of hyphae with
the release of nutrients in the medium may also take place in starving
zones of colonies (Perez-Leblic et al., 1982). Future studies are needed
to reveal which strategy of nutrient recycling is the most dominant in
the fungal mycelium.

Enzyme secretion was initially believed to only occur in growing
fungal hyphae (Wessels, 1993), whereas it is nowadays clear that it can
also occur in non-growing zones of a colony (Krijgsheld et al., 2013b;
Levin et al., 2007). How proteins are released into the culture medium
by non-growing hyphae is not yet understood knowing that pores in the
hyphal cell walls are too small to enable proteins to freely diffuse
(Wessels, 1988, 1993). In the case of growing hyphae, such pores are
not needed since proteins to be released in the culture medium can co-
migrate with the newly synthesized cell wall polysaccharides that are
extruded at the tips of growing hyphae and pushed from the inner to the
outer part of the cell wall by the turgor pressure and the addition of new
cell wall material. Notably, although both growing and non-growing
colony zones can secrete proteins in the culture medium, not every zone
does so. The sub-peripheral zone of A. niger colonies is able to sporulate
when environmental conditions are favorable to enable this differ-
entiation process. This zone does not secrete proteins even when
sporulation does not take place (Krijgsheld et al., 2013b). A strain of A.
niger in which the sporulation gene flbA is deleted is no longer able to
asexually reproduce and secretes proteins throughout the whole my-
celium (Krijgsheld et al., 2013b). The flbA deletion strain also shows a
more complex secretome consisting of a number of proteins that are not
secreted by the wild-type strain. Together, these observations indicate
that sporulation inhibits protein secretion in fungal colonies. From a
functional perspective, this appears as coherent behavior. Once hyphae
engage in sporulation, it would be inefficient to invest energy in the
secretion of enzymes involved in vegetative growth. To further study
the phenomenon of sporulation inhibited protein secretion, the impact
of deletion of fluG in A. niger was studied (Wang et al., 2015). This gene
is at the start of the sporulation program in Aspergillus nidulans. Yet, the
fluG mutant strain of A. niger was shown not to be affected in spor-
ulation. However, in contrast to wild-type A. niger, the deletion strain
shows breakdown of starch under the whole colony. From these and
other data it was concluded that FluG is a repressor of secretion in the
sporulation zone.

Immuno-localization showed that not every hypha within the outer
zone of the A. niger colony secretes glucoamylase (Wosten et al., 1991).
Indeed, two types of hyphae were shown to exist in this zone; hyphae
that highly and hyphae that lowly express the glucoamylase gene
(Vinck et al., 2005). This heterogeneity in expression was also observed
for other genes encoding hydrolytic enzymes (Vinck et al., 2011). In
fact, those hyphae that highly express one of the hydrolase genes were
also found to highly express the other hydrolase-encoding genes. In
addition, they possess a higher transcriptional and translational activity
when compared to hyphae that show lower expression. Nevertheless,
both types of hyphae show a similar growth speed, indicating that for
secretion to take place a higher transcriptional and translational ac-
tivity is needed. Our recent findings show that the hyphae showing
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Fig. 2. Multiscale heterogeneity in filamentous microorganisms. Heterogeneity has been demonstrated at different organizational levels in solid (A-C) and liquid-
grown (D-F) cultures in filamentous microbes. Inter-zonal heterogeneity (A) is characterized by spatial differences in production (and/or secretion) of molecules in
different zones of the colony. Heterogeneity is also evident between adjacent hyphae in the same region of the colony (B), and even between separate compartments
of the same hypha (C). In liquid-grown environments, microcolonies (or pellets) are heterogeneous in size, coinciding with differences in gene expression and protein
secretion (D). Heterogeneity is also evident within pellets (E), some of which may be caused by the scarcity of nutrients and oxygen in the central parts of these
structures. Like in solid-grown cultures, intercompartmental heterogeneity is observed within hyphae in liquid-grown cultures (F).

lower transcriptional and translational activity are also more resistant
to heat stress (M Tegelaar, R Bleichrodt and HAB Wosten, unpublished
data). Thus, hyphae seem to show a division of labor strategy at the
periphery of Aspergillus colonies.

Division of labor is also evident between hyphal compartments of A.
niger (Tegelaar and Wosten, 2017). In this fungus, apical compartments
are self-sustaining in growth. This was concluded from the finding that
the growth rate in these compartments remains unaffected when they
are mechanically detached from the rest of the hypha. Interestingly, the
first subapical compartments (up to eight) function as a backup system
for growth by forming new branches upon damage of the apical com-
partment (Tegelaar and Wosten, 2017). This backup system appears
crucial in nature considering the fact that fungal colonies continuously
explore substrates that may locally be hostile for growth. By forming
sub-apical branches that do not grow parallel to the damaged hypha,
but rather grow away from it, the organism can avoid a second con-
frontation with the source of damage (i.e. a competing organism or a
nutrient void zone).

4.3. Multilevel heterogeneity in liquid environments

Fungi and streptomycetes produce respectively about 42% and 32%
of the more than 23,000 known microbial bio-active compounds (i.e.
compounds with antifungal, antibacterial, antiviral, antitumor, cyto-
toxic and immunosuppressive activity) (Barka et al., 2016; Hopwood,
2007; Lazzarini et al., 2000). They also possess a remarkable capacity to
produce and efficiently secrete various hydrolytic enzymes that allow
them to degrade almost any naturally occurring polymer (Anné et al.,
2012; Hoffmeister and Keller, 2007). The ability of streptomycetes and
filamentous fungi to produce this treasure trove of commercially-
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valuable compounds and enzymes has led to their large-scale industrial
exploitation (Hopwood, 2007). In industry, microbes are typically
grown in large bioreactors. This choice is dictated by the fact that these
systems provide the most reproducible and efficient manner to obtain
high growth and production rates, which are achieved through para-
metric control and the efficient provision of nutrients and oxygen to
cells. Notably, the continuous and often vigorous mixing of the culture
medium creates a more homogenous environment for the mycelia when
compared to growth on solid substrates. Yet, gradients can still exist,
especially with the large volumes that are characteristic of industrial
fermentation processes. Notably, heterogeneity in process parameters
(e.g. pH, temperature, concentration of biomass and nutrients) can re-
sult in physiological heterogeneity and the occurrence of culture seg-
regation in a number of microorganisms (Delvigne et al., 2009; Takors,
2012). In addition, fluctuating aeration regimes have been shown to
decrease product formation both in streptomycetes and filamentous
fungi (Larsson and Enfors, 1998; Yegneswaran et al., 1991).

The mode-of-growth of streptomycetes and filamentous fungi in
bioreactors is markedly different when compared to solid substrates.
Depending on the strain and culture setup, the mycelium of these fi-
lamentous microbes can display a range of different morphologies
(Braun and Vecht-Lifshitz, 1991; Tresner et al., 1967; van Dissel et al.,
2014). Many species, among which the industrial cell factories S. livi-
dans and A. niger, can form dense mycelial particles called pellets (also
micro-colonies for filamentous fungi). These particles can have a dia-
meter larger than 1 mm, with the pellets formed by Aspergillus being
generally larger than those of streptomycetes (van Veluw et al., 2012;
van Veluw et al., 2013). This mode-of-growth promotes physiological
heterogeneity due to the differential diffusion of oxygen, nutrients and
metabolic (by)products. One of the consequences of growth in dense
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pellets is that hyphae in the central part of these particles are typically
starved due to the limited availability of oxygen and nutrients (Bizukojc
and Gonciarz, 2015; Clark, 1962; Driouch et al., 2012; Gerlach et al.,
1998; Wittier et al., 1986). The impact of nutrient and oxygen limita-
tion on pelleted growth is also evident in other multicellular commu-
nities (e.g. biofilms) formed by single or multiple species (Kragh et al.,
2016; von Ohle et al., 2010). The interplay between environmentally-
determined heterogeneity and actively regulated development is how-
ever still obscure. In this context, it is interesting to mention that cells
residing within a biofilm structure have been found to be more het-
erogeneous as opposed to planktonic cells. In experiments with Pseu-
domonas aeruginosa, phenotypical variation was found to arise when
cells were cultured in the form of biofilms. Although the factors indu-
cing this heterogeneity are unknown, a recombination-dependent
system was found to provide the source of genotypic variation leading
to the observed phenotypes. Furthermore, cells that had gained muta-
tions after residing in biofilms displayed more variation in swimming
capability and enhanced resistance to a number of environmental in-
sults including oxidative stress and exposure to antimicrobials (Boles
et al., 2004).

In addition to differential responses to environmental cues, de-
terministic choices may also stimulate heterogeneous growth in liquid
environments. Most Streptomyces strains do not sporulate in liquid-
grown cultures; nevertheless, a certain degree of developmental and
physiological heterogeneity is evident throughout the mycelium. As on
solid substrates, the mycelial structure changes throughout growth, and
is characterized by frequent compartmentalization at early time points
(Manteca et al., 2008; Manteca et al., 2005a). Following a round of
cellular dismantling, a multinucleated mycelium is established which
contains fewer compartments. By this time, the production of anti-
biotics becomes noticeable. Contrary to growth on solid substrates,
neither is this newly established mycelium dismantled, nor does spor-
ulation occur. Gene expression profiling indicated however, that the
majority of transcripts identified on solid substrates are also present in
liquid-grown cultures, including activators of secondary metabolism
and development (Yagiie et al., 2014). Together, these findings indicate
that heterogeneity is common in liquid-grown streptomycetes.

Another form of heterogeneity was discovered in pellet-forming
streptomycetes and fungi by analyzing large numbers of pellets with a
flow cytometry approach. This revealed that cultures of both fila-
mentous fungi and streptomycetes contain at least two normally dis-
tributed populations of pellets that differ in size (de Bekker et al.,
2011b; van Veluw et al., 2012; van Veluw et al., 2013) (Fig. 2). This
heterogeneity is observed in a range of strains and growth media,
suggesting that it is inherent to the mode-of-growth of these organisms.
Interestingly, gene expression in micro-colonies can also be described as
a bimodal distribution. For instance, two populations of A. niger micro-
colonies exist in submerged cultures; one highly and one lowly ex-
pressing the glucoamylase gene (de Bekker et al., 2011b). In Strepto-
myces coelicolor, 37 proteins were found to be significantly different in
abundance between the populations of large and small pellets. While 17
of these proteins are significantly overrepresented in large pellets as
opposed to the small ones, 20 are significantly underrepresented (van
Veluw et al., 2012). Several of the proteins that are over- or under-
represented could be assigned to specific functional classes, with a
number of stress-related proteins being overrepresented in the popu-
lation of large pellets. The protein that is most strongly enhanced
(around 30-fold) in the larger pellets is EgtD, a protein involved in the
biosynthesis of the rare amino acid ergothioneine. The synthesis of this
molecule is rare in microbes, with a higher incidence in actinobacteria
(including mycobacteria) and filamentous fungi. The role of ergothio-
neine in these organisms is still obscure, but it has antioxidant prop-
erties, which suggests that it might be involved in a stress-response
mechanism. Other stress-related proteins being overrepresented in the
population of large pellets include polypeptides encoded by genes in the
osdR locus, including the gene for the universal stress protein (USP)
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(SC0O0200) (van Veluw et al., 2012). Recent studies revealed that osdR
controls development and oxidative stress, and is functionally similar to
DosR, the oxygen-sensitive dormancy response regulator in Myco-
bacterium tuberculosis (Urem et al., 2016). It is interesting to mention
that the classes of genes being differently expressed in Streptomyces
pellets are known to be subject to transcriptional noise in other mi-
crobes (see above).

5. Mechanisms underlying heterogeneity in filamentous microbes
5.1. Inter-hyphal and inter-compartmental heterogeneity

The hyphae of streptomycetes and the higher fungi (i.e. ascomycetes
and basidiomycetes) are compartmentalized by cross-walls (also called
septa). In streptomycetes, some of these cross-walls have channels,
which potentially would allow streaming of cytoplasmic content, al-
though this has never been demonstrated directly (Bleichrodt et al.,
2012; Celler et al., 2016; Jakimowicz and van Wezel, 2012; Yagiie
et al., 2016). In addition to cross-walls, recent work has shown that
extended membranous structures are able to spatially and functionally
organize the vegetative mycelium of streptomycetes (Celler et al., 2016;
Yagtie et al., 2016) (Fig. 3). These cross-membranes are responsible for
the formation of the alternating pattern of viable and dead hyphae in
the early MI mycelium and also block the diffusion of cytoplasmic
proteins in 29% of the cases. Cross-membranes might thus maintain
heterogeneity between compartments of the same cell by preventing
molecules to mix by diffusion or streaming.

Septa of filamentous fungi consist of invaginations of the cell wall
that are ligned with plasma membrane. Septa have a central pore of
50-500 nm (Moore and McAlear, 1962; Shatkin and Tatum, 1959) that
allows streaming of cytosol and even organelles, thus enabling cyto-
plasmic mixing throughout the mycelium. Yet, the pores of Aspergillus
can be reversibly opened and closed by peroxisome-derived organelles
called Woronin bodies (Bleichrodt et al., 2012) (Fig. 3). The absence of
Woronin bodies prevents septal closure, thereby abolishing the possi-
bility to maintain long-term heterogeneity in cytosolic composition
between neighboring compartments and/or hyphae (Bleichrodt et al.,
2012). It should be noted that even an open septum can maintain dif-
ferences in cytosolic composition due to differential gene expression. In
this case, however, heterogeneity can be only maintained in a minutes
time-frame. Yet, this may be sufficient for some developmental pro-
cesses to be initiated (Bleichrodt et al., 2015a; Bleichrodt et al., 2015b).
Together, an arrest or reduction in cytoplasmic streaming between
adjacent compartments can maintain long term heterogeneity in RNA
and protein composition. Notably, the plugging of septa via Woronin
bodies has no effect on inter-compartmental transport of glucose
(Bleichrodt et al., 2015b). This is explained by the fact that Aspergillus
uses permeases to enable the selective transport of metabolites. In this
scenario, inter-compartmental and inter-hyphal heterogeneous dis-
tributions are only obtained for those components that cannot cross the
selective plasma membrane of septa (e.g. large proteins, ribosomes,
organelles, and metabolites that lack a permease in the plasma mem-
brane lining the septal cross wall).

5.2. Inter-pellet heterogeneity

The aggregation of distinct particles is a driving factor for generating
size heterogeneity between pellets. Aggregation in streptomycetes is
mediated by extracellular glycans on the surface of germlings and young
mycelia (Zacchetti et al., 2016). These glycans are produced under
control of the cslA/gIxA operon and the mat cluster (Chaplin et al., 2015;
de Jong et al., 2009; Petrus et al., 2016; van Dissel et al., 2015; Xu et al.,
2008). The structure of the glycan produced by CslA and GIxA is still
unknown, while the polymer produced by the Mat proteins is poly-f-
(1,6)-N-acetylglucosamine (PNAG) (van Dissel et al., 2018). Abolishing
the formation of these glycans yields particles whose size is no longer



. Zacchetti et al.

Biotechnology Advances 36 (2018) 2138-2149

Aspergillus hypha

G

1SN

Woronin Bodies

Closed porous
septum

Open porous

septum

Closed Peptidoglycan
Septum

cross-membrane

Developing/Open
cross-membrane

Fig. 3. Compartmentalization is crucial for generating heterogeneity in filamentous organisms. Filamentous fungi and streptomycetes form hyphae that are com-
pertmentalized by septa. In addition to septa, streptomycetes also form so-called cross-membranes for compartmentalization. In fungi, septa can be either open or
closed depending on the presence of so called “Woronin bodies”. Closed septa prevent molecules to freely diffuse between adjacent compartments. In streptomycetes,
extended cross-membrane structures prevent cytoplasmic streaming, thereby generating heterogeneity within filaments.

bimodally distributed and that are hence more homogeneous in size.
Also, in filamentous fungi aggregation is a critical factor in generating
size heterogeneity. In this case, aggregation is a two-step process. The
first phase involves the aggregation of ungerminated spores and is fol-
lowed by a second aggregation phase that occurs between germlings
(Grimm et al., 2004). Mutants of A. niger affected in the formation of
spore-associated pigments yield more homogeneously-distributed pellets
(van Veluw et al., 2013). The underlying mechanism is not known but
one wonders whether filamentous microbes make use of size hetero-
geneity to optimally adapt to the environment. Micro-colonies of dif-
ferent size might experience environmental stimuli differently and may
thus differently react to these cues.

6. Parallels and differences between unicellular and multicellular
systems

The cellular architecture of filamentous microbes generates layers of
complexity that are rarely observed in unicellular species and that re-
sult in the multiscale heterogeneity discussed in this review. As a result
of this complexity, some of the well-described aspects of phenotypic
heterogeneity have not yet been characterized in filamentous microbes.
Mechanisms analogous to those reported in unicellular systems, such as
intrinsic noise in transcription and translation, are inherent to the be-
haviour of their machinery, and therefore a likely source of hetero-
geneity in any biological system, including filamentous microbes.
Uniquely for filamentous microorganisms is the syncytial nature of
mycelia. The distribution of DNA (i.e. nuclei in fungi or chromosomes
in bacteria) may not only differ between compartments, but also within
compartments. This, in turn, would result in some regions possessing
more copies of a given gene. Such dosage effects are known to bear a
profound effect on decision making in a number of cellular systems
(Chai et al., 2011; Narula et al., 2015; Slager et al., 2014; Soler-Bistue
et al., 2015; Veening et al., 2006). Additionally, the positioning of
nuclei can also result in differential gene expression within single
compartments. For instance, paired nuclei in compartments of the
mushroom-forming fungus Schizophyllum commune can migrate away
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from each other, resulting in changes in gene expression (Schuurs et al.,
1998). Thus, while some of the mechanisms involved in generating
heterogeneity could be similar between filamentous and unicellular
microbes, some factors (e.g. the presence of inter-compartmental
streaming and multinucleate compartments) are probably unique for
filamentous microorganisms.

Differences in the mechanisms through which heterogeneities arise
might also differ between filamentous bacteria and filamentous fungi.
Not only is gene regulation different between bacteria and fungi, also
their sizes differ. The cellular volume of a fungal filament is roughly
100 times larger than that of a streptomycete given the 10-fold larger
diameter of a fungal hypha. This may affect the concentration of var-
ious intracellular species. As a consequence, noise dynamics might
differ in these systems. However, no quantitative data of abundance of
molecules exist that cause heterogeneity in filamentous microbes, thus
hindering a direct comparison.

One of the most remarkable aspects of microbial phenotypic het-
erogeneity is its beneficial role in increasing population fitness in the
face of changing environmental conditions (see Section 2). It is cur-
rently unknown whether this is also true for filamentous microbes.
Mycelial heterogeneity may be beneficial in terrestrial soils, where
spatial and temporal variations exist in for instance the availability of
nutrients and oxygen, temperature, pH, and the amount of growth-in-
hibiting compounds (Stoyan et al., 2000). Considering the saprophytic
lifestyle of most filamentous microbes and the close proximity of hy-
phae within a colony, one would predict a benefit for segregating
functions across the colony. This would be particularly useful for ac-
quiring nutrients or secreting costly compounds that ultimately become
available to all surrounding hyphae. In this scenario, inter-hyphal
heterogeneities in the secretion of enzymes (as those observed in A.
niger) might very well reflect a division of labour strategy, in that only a
subset of hyphae commit to the production of extracellular hydrolases,
thereby liberating nutrients that can be taken up by both producing and
non-producing hyphae. Another example where heterogeneity could
provide fitness benefits to the colony is in the production of antibiotics.
However, this awaits further experimental evidence.
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7. Conclusions and future perspectives

Striking parallels exist between filamentous fungi and actinomy-
cetes with respect to morphology, heterogeneity and the architecture of
mycelia. Despite the increasing number of studies, we have only started
to dissect the mechanisms underlying heterogeneity in these organisms.
While cytoplasmic streaming in the fungal mycelium has been known
for many decades, it has only recently been reported in streptomycetes
(Celler et al.,, 2016). Selective blocking of this process, either via
Woronin bodies in fungi or membranous structures in actinomycetes,
leads to physiological differences between adjacent compartments and
zones of the colony. One of the outstanding questions to address is how
the external and internal signals are processed and translated into
changes in cytoplasmic streaming and phenotypic heterogeneity. We
believe that the developments in the field of microscopy will enable us
to obtain unprecedented insight into the molecular functioning of these
compartment-separating structures within hyphae.

In this review we have described the different forms of hetero-
geneity that have been reported in filamentous fungi and streptomy-
cetes. Interestingly, apart from inter-colony, inter-zonal, inter-hyphal
and inter-compartmental heterogeneity one may expect the existence of
intra-compartmental heterogeneity. Such heterogeneity may be pro-
moted by increasing the compartmental length and reducing the
number of nuclei (fungi) or chromosomes (filamentous bacteria).
Alternatively, RNAs and pathways that determine the fate of RNA could
be spatially and temporally localized in subcellular compartments.
More knowledge about the dynamics of nucleic acids in filaments is
thus of utmost importance to better our understanding of heterogeneity.

While it is evident that heterogeneity is beneficial to filamentous
microbes in natural environments, this feature is undesirable in in-
dustry for two reasons. First, heterogeneity decreases controllability of
the fermentation process, and secondly, several lines of evidence in-
dicate that morphology and specific productivity appear to be tightly
coupled. For instance, production performance can be increased by
reducing morphological heterogeneity (size distribution of pellets) in
Streptomyces cultures (van Dissel et al., 2015; van Wezel et al., 2006;
Wang et al., 2017; Wardell et al., 2002). Generally speaking, smaller
micro-colonies are preferable for the production of enzymes, while
bigger ones are better suited for the production of antibiotics (van
Dissel et al., 2014). Promoting increased septation in S. lividans results
in a reduced pellet size and in turn in increased enzyme secretion (van
Wezel et al., 2006). Interfering with mycelial aggregation also results in
smaller mycelial particles and increased protein secretion (van Dissel
et al.,, 2015). While some of these phenotypes have solely been ex-
plained as the result of the increased growth rates of smaller particles,
part of the increased production may be due to the reduced size het-
erogeneity. Likewise, increased homogeneity could also stimulate an-
tibiotic production, given that mutants of Saccharopolyspora erythraea
that on average form larger pellets than the parental strain also produce
more erythromycin (Wardell et al., 2002). At the same time, we cannot
exclude that hyphae within mycelia of liquid-grown cultures differ-
entiate to fulfil specific functions. In this case, heterogeneous cultures
may be more productive. In light of this, it is critical to better under-
stand the molecular mechanisms underlying heterogeneity in fila-
mentous organisms, a quest that might be facilitated in the near future
by the increasing power of next-generation sequencing technologies
applied at the single cell level and the further advancement of high-end
microscopy. Only once these mechanisms will have been unraveled,
will we be able to tackle heterogeneity in non-natural settings, with the
alluring prospect of enhanced production performances in the biotech
sector.
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