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General introduction




Chapter 1

Ithough invisible to our eyes, bacteria constitute the largest and most biodiverse

domain of life on earth (7, 2). Similar to animals and plants, bacteria also display

a broad diversity of morphologies, ranging from unicellular species with different
shapes to multicellular groups taking distinct forms and manners of organization (3, 4). The
physiology and morphology of bacteria reflect how they adapt to their living environment,
offering a gigantic repository for microbiologists to study. Within the diversity of bacteria,
Streptomyces are particularly noteworthy because of several exceptional features.
The filamentous Streptomyces are a large genus within the phylum Actinobacteria.
Streptomyces predominantly live in soil but can also be found in aquatic sediments (5,
6). Different from many other bacteria, Streptomyces produce spores that germinate to
produce branching vegetative mycelia. Hyphae extend into the soil, growing from their
tips, and secrete a large repertoire of proteases, cellulases and chitinases that allow these
bacteria to break down insoluble organic materials arising from the decay of fungi, plants
and animals. When these resources are exhausted, mycelia undergo a developmental shift
from vegetative growth to aerial growth, followed by sporulation leading to another cycle
of life (7-9) (Fig. 1). This shift is accompanied by the production of an enormous diversity
of secreted secondary metabolites (70, 77), including many antimicrobial compounds;
indeed, Streptomyces antibiotics and antifungals include a majority of the antimicrobials
used in clinical practice (72, 13). For example, streptomycin, produced by Streptomyces
griseus, was one of the first discovered antibiotics in this genus (74). Daptomycin which
is used as one of the last resort antibiotics is also produced by Streptomyces roseosporus
(15). Although these antimicrobials have important value in human medicine, they are
also ecologically important for the bacteria that make them. They provide advantages
for ecologically invasion and defense (76). But as this thesis will show, antibiotics are
metabolically expensive to produce which has led to novel evolutionary strategies to
mitigate these costs.

Both because of their multicellular lifestyle as well as their prolific production of secondary
metabolites, streptomycetes are of unique fundamental and applied importance. However,
an important challenge to continue the commercial exploitation of these organisms is
the fact that streptomycetes display enormous genomic instability, an attribute that can
lead to the alteration of functions that are relevant to their economic value, especially the
production of antibiotics (77-20).

Phenotypic heterogeneity due to genomic instability has been recognized for more than
half a century (27). This was initially identified through observation of frequent loss of
certain phenotypes, including formation of aerial hyphae and sporulation, pigmentation,
antibiotic resistance and amino acid synthesis. Instability occurs spontaneously at a
frequency of higher than 0.1% per spore in numerous species (22), while DNA damaging
agents can further increase it several-fold (23, 24). This latter aspect suggested that
phenotypic changes were caused by underlying genetic changes. Later, the development
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General introduction

of more modern molecular methods (e.g., pulsed-field gel electrophoresis and DNA
hybridization) allowed scientists to directly associate phenotypic changes with genomic
rearrangements, often revealed to be massive amplifications and deletions to the
genome (25-32). Studies since the 1980s highlighted hotspots where amplifications tend
to arise, named as the amplifiable unit of DNA (AUD) (33). These AUD structures exist in
many different species and can be amplified to a few to thousands of copies designated
as amplified DNA sequences (ADS), which regularly coincide with extensive deletions at
the edges of genome (25-30). At the beginning of the 21st century, the advances of whole
genome sequencing improved our understanding of the linear nature of Streptomyces
chromosomes (34, 35). The ~9Mb linear chromosome in Streptomyces contains a centrally
located origin of replication and core functions and two arms on the two sides that contain
more dispensable functions. At the end of the two arms, terminal inverted repeats (TIRs)
are found that bear covalently bound terminal proteins (TPs). These arms are typically
where the gross genomic rearrangements occur (36). Other than the general description
of the fact that genomic instability arises from extensive genomic rearrangements, the
precise mechanisms that either trigger or suppress these diverse phenomena remain
unknown, thereby placing limits on our ability to control these processes for commercial
gain. Moreover, until the work in this thesis, there has been very little effort to understand
these phenomena in evolutionary or ecological terms.

kA

Spore Germination Vegetative growth Aerial growth  Spore chain formation

Fig. 1. A schematic representation of the Streptomyces life cycle on solid surfaces.
A spore germinates to form vegetative mycelia which extend into the substrate to absorb
nutrients. Afterwards, aerial mycelia grow out from the vegetative mycelia. During this
transition, secondary metabolites including antibiotics are produced for their ecological
benefits. Aerial hyphae will eventually form spore chains that stay dormant until the next
life cycle.

Beyond earlier studies focusing on commercially important streptomycetes, we have
found that bacteria freshly isolated from the soil (37) also display genomic instability
(Fig. 2). This implies that the genomic instability seen in an industrial setting is not an
artifact of this condition and leads to the question of the natural role of the exceptionally
high rates of phenotypic heterogeneity and genomic rearrangements in streptomycetes.
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More specifically, what are the evolutionary and ecological consequences of genomic
instability in these bacteria? Both theory and experiments have shown that bacterial
mutation rates can evolve (38-40). On the one hand, because most new mutations are
likely to be deleterious, natural selection will tend to reduce the mutation rate (47, 42).
This occurs by increasing the accuracy and efficiency of mechanisms of DNA replication
and repair (43). On the other hand, mutations are the ultimate source of adaptive change,
thus an increased mutation rate can sometimes be adaptive because this will facilitate the
fixation of beneficial mutations (44, 45). This is best exemplified in a medical setting where
many bacterial pathogens evolve mutator genotypes, leading to more rapid evolution
of antibiotic resistance (46). However, the rates of mutation, even in these mutators, are
several orders of magnitude lower than genomic instability appears to be in wild-type
streptomycetes (47, 48). Why are these bacteria so prone to variation? Does genomic
instability offer benefits and in which ecological contexts? And what are the costs of this
instability?

Fig. 2. Genomic instability is common in freshly isolated actinomycetes from soil.
Plates show colonies of eight individual actinomycete strains after 3-4 days of growth.
While the majority of colonies shows a wild-type morphology, aberrant phenotypes with
altered growth and / or pigmentation are present at a high frequency (indicated by white
and black cycles).

Understanding genomic instability in streptomycetes therefore sits at the intersection of
many important applied and fundamental questions in microbiology. The aim of this thesis
is to elucidate the evolutionary functions, mechanisms and consequences of genomic
instability in Streptomyces, by focusing on the model species Streptomyces coelicolor.
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Division of labor is used in multicellular organisms to coordinate mutually incompatible
functions and to increase group efficiency. It is defined as the situation where individual
cells within a body or sub-populations within societies perform complementary tasks
to increase fitness of the organism or colony (49-52). This definition ideally requires
identifying the extent and causes of preexisting phenotypic variation, cooperation and/
or altruism and a quantitative estimate of adaptative benefits (50). Microbes offer unique
opportunities to assess these features, and the last several years have seen a significant
increase in cases of microbial division of labor. To understand this concept better, and to
frame our later discussion of division of labor in Streptomyces colonies, in Chapter 2, we
review recent articles and discuss causes and implications of division of labor in microbes.
First by focusing on multicellularity as a representative example of germ:soma division of
labor in Myxococcus and Dictyostelium, we debate how the idea of caste ratios in social
insects can be compared to spore production in microbes and how kin selection can work
as a mechanism in maintaining cooperation against cheating. Later, we consider division
of labor in patterned multicellular bacteria, using examples from cyanobacteria and
streptomycetes. This is followed by a more general discussion of additional possibilities
for division of labor in Streptomyces and how these types of studies have been performed
in other bacteria.

Hyperpigmentation is frequently observed in colony variants of S. coelicolor generated due
to genomic instability. The few known antibiotics produced by S. coelicolor are pigmented.
We therefore investigated the hypothesis that instability coordinated a division of labor
related to antibiotic production in S. coelicolor. Through utilizing diverse techniques
from microbial evolution and different omics approaches, Chapter 3 provides a new
insight into how antibiotic production is coordinated in S. coelicolor through terminal
differentiation of their genome. We show that the emergence of mutants, at a rate of
approximately 1%, creates variants that have reduced fitness but elevated amounts and
diversity of antibiotics. These changes scale with the size of genome deletions, resulting
in a clear trade-off between antibiotic production and fitness. By performing competition
experiments in a mixture of mutants and wild-type cells, we confirmed that a division of
labor occurs between mutants and wild-type that increases colony-wide fitness.

Since mutants are less fit than their parental wild-type, they are rapidly eliminated in
the colony by competition. In Chapter 4, in order to learn the genetic fate of mutants
after their emergence, we extended our study to a series of transfers to simulate spore-
to-spore reproduction happening across colonies. Results show that mutants with initial
genome deletions continue to suffer from further deletions. This reveals the same trade-
off, as above, namely that continued deletions to both left and right chromosome arms
reduce the fitness of strains, by decreasing spore production markedly. Mutants also tend
to become mutators which accelerates the base-substitution mutation rate, and therefore
the rate of deleterious mutations. Taken together, these results suggest that mutants in
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S. coelicolor are similar to sterile castes in social insects. Due to diverse and continuous
genomic damage, they are readily eliminated during colony growth and therefore need
to be reestablished anew in every developing colony. These data add a new dimension
to the idea of mutational meltdown, since gross genomic deletions work together with

the emergence of increased mutation rates and competitive declines to guarantee that
mutant lineages rapidly go extinct.

In Chapter 5 we used mass spectrometry-based proteomics and metabolomics to study
the effects of genomic rearrangements in S. coelicolor. We confirmed that the increased
antibacterial activity is caused by overproduction of their antibiotics. More specifically,
we observed upregulation of many proteins in three known antibiotic biosynthetic gene
clusters. Additionally, several key developmental proteins are downregulated in mutants,
leading to their reduced fitness. This chapter provides detailed molecular information of
how the trade-off between antibiotics and fitness is mediated by genomic differentiation,
which helps us to better understand the division of labor in S. coelicolor colonies

Results obtained in the other chapters are discussed in Chapter 6 as are future perspectives
for studying genomic instability in Streptomyces and other multicellular bacteria.
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Chapter 2
Abstract

Divisions of labor are ubiquitous in nature and can be found at nearly every level of
biological organization, from the individuals of a shared society to the cells of a single
multicellular organism. Many different types of microbes have also evolved a division of
labor among its colony members. Here we review several examples of microbial divisions
of labor, including cases from both multicellular and unicellular microbes. We first discuss
evolutionary arguments, derived from kin selection, that allow divisions of labor to be
maintained in the face of non-cooperative cheater cells. Next we examine the widespread
natural variation within species in their expression of divisions of labor and compare this
to the idea of optimal caste ratios in social insects. We highlight gaps in our understanding
of microbial caste ratios and argue for a shift in emphasis from understanding the
maintenance of divisions of labor, generally, to instead focusing on its specific ecological
benefits for microbial genotypes and colonies. Thus, in addition to the canonical divisions
of labor between e.g., reproductive and vegetative tasks, we may also anticipate divisions
of labor to evolve to reduce the costly production of secondary metabolites or secreted
enzymes, ideas we consider in the context of streptomycetes. The study of microbial
divisions of labor offers opportunities for new experimental and molecular insights across
both well-studied and novel model systems.
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Microbial division of labor

Introduction

It is often stated that there is “strength in numbers”. Bigger armies tend to conquer
smaller ones, while giant flocks of starlings migrate more efficiently than a single bird on
its own. But what is the source of the added value in having more individuals? In some
cases it is pure power, e.g., a pride of lions that is more effective at subduing large prey
through the simple benefit of added strength. However, in many other examples, the
benefit of numbers derives from the fact that larger groups of individuals can segregate
tasks, thereby allowing them to diversify into teams of coordinated specialists that can
accomplish more together than the simple sum of their parts. The understanding of this
“division of labor” has its origin in studies of human economics, but the central idea is
of equal importance across the diversity of life and at virtually every scale of biological
organization (49, 50, 53). Social insects clearly exemplify divisions of labor at the level
of a society of individuals (53). Within a colony of leaf cutter ants, potentially containing
millions of individuals, there are soldiers who defend the nest, foragers that travel far and
wide gathering leaves, gardeners of many types to tend to the specialized fungal gardens
these ants require for nourishment, and nurses to rear offspring, among many others (54).
Narrowing our view to the level of a single individual, multicellular organisms also are
characterized by a division of labor among distinct cell and tissue types that each play
specialized roles in maintaining the fitness of the whole organism. However, divisions of
labor are not the unique privilege of animals. As we discuss below, many microbes also
divide tasks among clone-mates, and these divisions can have far-reaching effects for
colony-level fitness.

In the interest of space, we only briefly discuss the evolutionary advantages of a division
of labor and instead refer interested readers to the numerous excellent reviews on the
topic in multicellular organisms or microbes (49, 50, 53). However, we review several key
features in order to guide the remaining text. Divisions of labor in a society or a single
organism require the coexistence of multiple types, or subpopulations, that interact and
are specialized to carry out complementary tasks (49). In microbial colonies, each sub-
type can be derived from a single parental cell in response to environmental change (e.g.,
starvation) via deterministic or stochastic processes (55). Differentiation into functionally
distinct cell types, whether it arises from genetic or regulatory changes, requires
cooperation among these types, which is maintained by their shared evolutionary
interests via kin selection, whereby individuals sacrifice individual fitness for the sake
of related individuals (50). Importantly, differentiated colonies have higher fitness than
those lacking a division of labor. This benefit typically results from the added efficiency
of dividing tasks between cells rather than a single cell either switching between these
tasks or carrying them out simultaneously, although other advantages can be envisioned
(49, 50, 56-58). In addition, it is important to note that phenotypic diversification does
not necessarily represent a division of labor, as heterogeneity among cells can provide
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individual benefits that may have no effects on the group or even reduce colony fitness.
Accordingly, by our strict definition, divided complementary tasks must increase
population fitness to be identified as a division of labor. As made clear in table S1, these
criteria have only been experimentally verified in a handful of cases, although divisions of
labor are nevertheless often assumed to be present. In examples we discuss below, e.g.,
the division of labor between vegetative growth and sporulation, differentiated tasks are
mutually incompatible and cannot be carried out by a single cell at once. Using these
generalized features, we next consider specific examples of divisions of labor before
focusing our attention on streptomycetes.

Divisions of labor in multicellular microbes

Although microbes often live solitary lives, many phylogenetically divergent groups have
independently evolved different levels of coordinated or patterned multicellularity (59).
These can be facultative, in the case of biofilms that develop from the aggregation and
proliferation of independent cells, or can be an obligate component of the microbial
life-cycle. The latter group, microbes that display obligate patterned multicellularity,
offer the most dramatic examples of divisions of labor. This is because these groups are
characterized by terminal differentiation into reproductive and non-reproductive cells
that mimic the divisions between germ and soma in plants or animals (59-62). In addition
to offering insights into the evolution of microbial multicellularity and a division of labor,
the examples we consider also provide the best evidence of the central factors that ensure
that these divisions are stably maintained. Here, there is necessary overlap with conditions
that maintain cooperative behaviors against “cheats” more generally (63-66).

Maintaining divisions of labor with aggregative multicellularity

Myxobacteria are social bacteria with a multicellular lifestyle (56, 59). When growing in the
presence of abundant resources, vegetative cells in the best studied species, Myxococcus
xanthus, hunt socially via the coordinated secretion of lytic enzymes that digest bacterial
and fungal prey (56, 67, 68). Upon starvation, they undergo a dramatic transition where
individual cells migrate together to create fruiting bodies containing ~ 10° cells. Fruiting
bodies in Myxococcus xanthus contain three differentiated cell types: spores, which
comprise around 10% of the fruiting body, peripheral rods that comprise another 10-
30%, and then the rest that die and lyse during development via a process assumed to be
programmed cell death (PCD) (59, 60, 69).

Spores are the most easily understood of the myxobacterial cell types, as these are the cells
that persist through environmental deprivation and stress. Moreover, the benefit of their
survival is direct and immediate. By contrast, any benefits of coordinated development
for the other cell types are likely to be indirect, especially for the 60-80% of cells fated
to die. If the death of these cells is caused by PCD, what explains their altruistic self-
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sacrifice? The simplest explanation is kin selection: as stalk cells are the clone mates of
spores, their sacrifice is repaid indirectly when related spores survive (56). Accordingly, it is
assumed that PCD in these stalk cells directly increases spore numbers or the probability
of spore survival, although the mechanisms by which this might occur remain unclear
(70). One possibility is that stalk cells aid in spore dispersal, perhaps by elevating them
above the substrate. Another argument is that material from lysed cells, e.g. lipid bodies,
is incorporated into the spore or spore coat which works to increase spore hardiness (71,
72). Despite suggestive evidence for both possibilities, neither option has been validated
experimentally.

It could be argued that a detailed understanding of the mechanisms by which stalk
or peripheral rod cells contribute to spore survival is not needed, as we can already
adequately explain the evolutionary maintenance of a division of labor among clonal
groups of cells by kin selection. However, two areas of research would benefit from a fuller
understanding of these mechanisms: (i) the division of labor in non-clonal groups, an area
that has already been studied extensively, and (ii) explaining the relative frequencies of
cell types within and across genotypes, a topic that has been largely neglected. Why, for
example, do 10% of cells become spores instead of 5%, 50% or even 100%? Is this value
fixed across strains or do strains vary in their allocation to spores or stalk cells? And can cell
type frequencies for any given strain respond adaptively to environmental contingencies?
Analogous questions have long been posed in the context of social insects using the
terminology of the caste ratio (73, 74). We believe a similar framework would be valuable
for microbes. We address each of these areas in turn.

Labile divisions of labor

Altruism among clone-mates can be explained by kin selection. However, both in the lab
and in nature, there is evidence that myxobacterial fruiting bodies can be comprised of
mixed genotypes where the benefits of altruistic behaviors are strongly reduced (56, 75,
76). Where relatedness among strains in fruiting bodies is low, there is strong selection
for the evolution of “cheats” that seek to benefit at the expense of others by increasing
their own representation within the population of spores (75, 77, 78). In one study, socially
defective mutants that arose during selection for rapid growth lost the ability to sporulate
in isolation; however, when these cells were mixed with wild-type clones they were able
to increase in frequency, potentially by utilizing the developmental signals of wild-type
cells, although the mechanisms are not fully understood (76, 79, 80). Natural isolates
also show significant variation in spore output across several orders of magnitude, and
as with laboratory evolved clones, these wild-type variants can also exploit one another
in chimeric fruiting bodies (56, 75, 81). These cheats have led to the evolution of diverse
mechanisms to distinguish kin from non-kin (82, 83), an issue we will consider later on.
Interestingly, these interactions also provide suggestive evidence that the division of
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labor in myxobacteria is socially contingent; whereas strains in isolation produce a fixed
number of spores, this value can vary during competitive interactions. However, at
present, it remains unclear how competitive interactions affect the allocation behavior of
different genotypes to different cell types, the caste ratio, and if this is dependent on the
identity of competing strains. For example, it is possible that exploitative strains grown
as chimeras increase their individual spore output by decreasing allocation to peripheral
cells or cells that die via PCD; in other words, competition leads to an adaptive change in
the caste ratio. Alternatively, the caste ratio of these strains may remain unchanged, even
while total spore number increases, if these strains are able to increase total cell numbers
at the expense of their competitors. The key issue with respect to divisions of labor is to
distinguish how cells behave in isolation from their behavior in mixtures. Does the caste
ratio change, and if so, does it change in both competitors or in one competitor at the
expense of the other? Additionally, it is crucial to quantify how these changes influence
spore survival—the presumed reason these cells divide labor at all.

Some of these questions have been considered in an analogous microbial system: the
social eukaryote Dictyostelium discoideum. Like myxobacteria, dictyostelids live as asocial
bacterivores that, upon starvation, aggregate together and differentiate into a multicellular
fruiting body containing spores and altruistic stalk cells (plus several other minority cell
types) (84, 85). When genetically different strains are mixed together to form chimeric
fruiting bodies, one strain often appears to gain unfair representation in the spores (86—
88). While these “winner” strains have been labeled cheaters, alternative explanations,
not based on exploitation, could lead to the same outcome. Like myxobacteria, there
is extensive natural variation among Dictyostelium genotypes for caste ratios (86). Cells
of some strains primarily differentiate into spores during development, while in other
strains, most cells in fruiting bodies differentiate into stalk cells. When strains of these two
extremes are mixed, it is easy to see that the former would produce the majority of spores.
However, this may not be the result of changes to caste ratios, as maintaining a “fixed”
strategy—behaving in mixtures just as you would when alone—also leads to competitive
differences between strains. Indeed, knowing the caste ratio of a strain grown in isolation
is almost perfectly predictive of its spore production in chimeric fruiting bodies (86).
This predictability makes clear, in a way that has not yet been possible in myxobacteria,
that deviations in divisions of labor can have dramatic consequences for microbial social
behaviors and interactions.

If Dictyostelium strains that differentiate a greater fraction of cells into spores are apparently
socially dominant, why don't all strains utilize a similar division of labor? The answer, it turns
out, lies in the fact that allocation decisions are coupled to trade-offs in spore size, number
and viability. Strains with high proportions of spore:stalk, those that “win” during social
competition, tend to make many smaller spores that individually have reduced viability
(89). By contrast, strains that divide labor by differentiating a greater fraction of cells into
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stalk, tend to make fewer larger spores that each have higher viability. Accordingly, what
“winners” gain in terms of spore numbers, they lose in terms of spore viability, and this
leads to an overall equivalence in the fitness of strains. Of course, this equivalence leads
back to the original question of why different strategies exist—and here there are no
clear answers, because we simply lack an understanding of why these microbes divide
labor to begin with. Recent work in Dictyostelium focusing on a third type of cell that
remains vegetative and fails to aggregate during starvation, has suggested that variance
in starvation times (i.e., seasonality) can allow for the coexistence of different division of
labor strategies (90, 97). By this mechanism one could envision that if spores of different
sizes also differ in the duration of dormancy or their sensitivity to cues required to exit
dormancy, then different divisions of labor could arise across a heterogeneous landscape.
At present, this remains untested. It does, however, emphasize the need to supplement
kin selection arguments for the evolutionary maintenance of microbial divisions of labor
with a more detailed understanding of the ecological factors that lead to the coexistence
of different division of labor strategies in nature.

Cheating and kin recognition

Whether via fixed strategies, as outlined above, or via “facultative” adjustments to caste
ratios (86), it is clear that microbial divisions of labor can have profound effects on social
interactions between strains. In response to this, many microbes have evolved mechanisms
of kin discrimination to ensure that altruistic behaviors are preferentially directed towards
clone mates (67, 83, 92). In multicellular microbes like myxobacteria or Dictyostelium, both
active and passive mechanisms (93, 94) work to keep different genotypes apart. Highly
polymorphic cell-surface-mediated matching systems in both microbes allow strains to
distinguish self from non-self. While some of the genes underlying these responses are
known (e.g., tra or tgr loci in myxobacteria or Dictyostelium, respectively) (83, 92, 95) it is
also apparent that mechanisms of exclusion can evolve rapidly via diverse mechanistic
routes (82). In other cases, strains can remain spatially segregated by passive means if
the migration of cells is highly restricted or if population sizes remain low, thus reducing
the encounter rate of different strains (93, 94). Regardless of the mechanisms used by
strains to insulate themselves from social exploitation, it is clear that these mechanisms
are effective; fruiting bodies of both myxobacteria and Dictyostelium are most often clonal
in nature (75, 96, 97). Thus, it is likely that the different divisions of labor that distinguish
strains are maintained for reasons that may have little to do with social challenges, but
rather because of ecological benefits to specific strategies that are contingent on the
environment where strains are growing.

Divisions of labor in patterned multicellularity

Several groups of multicellular microbes display forms of patterned multicellularity
where divisions of labor arise following the outgrowth of a single cell, much like the
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multicellularity that characterizes animals or plants (59). In contrast to the aggregative
multicellular microbes discussed above, cells in these species are physically attached
to one another and form filaments with semi-permeable cross-walls and growth at the
filament tips. These features, which ensure clonality, largely insulates these groups from
social exploitation from within. In addition, because of their high relatedness, microbial
colonies with patterned multicellularity tend to contain more cells/biomass as well as a
larger diversity of cell types (98).

In filamentous cyanobacteria, photosynthetic microbes responsible for a large fraction of
ourplanet’s primary production, some species have evolved strategies to differentiated into
two cell types that segregate chemically incompatible tasks — photosynthesis and nitrogen
fixation (99). Some of them, e.g., Anabaena spp. terminally differentiate around 5-10% of
their cells into specialized cells, called heterocysts, that carry out nitrogen fixation. As with
myxobacterial cells that undergo PCD, heterocysts in Anabaena are unable to divide and
are thus reproductively sterile (100). Alternatively, in some non-heterocystous species, e.g.,
Plectonema boryanum, a temporal division of labor is employed to allow cells to pursue
both photosynthesis and nitrogen fixation by switching between both functions on the
basis of an externally driven circadian rhythm. Mathematical studies have suggested that
compared to temporal divisions of labor, spatially segregating incompatible tasks, such as
inAnabaena, can overcome biochemical constrains between distinct pathwaysand thereby
maximize the production of biomass from the available light or nitrogen (57). In addition,
this physical division of labor offsets time or resource costs associated with alternating
between two distinct metabolic systems, while theoretical studies have suggested that
the ratio of heterocysts to vegetative cells has evolved to maximize carrying capacity
under conditions of high light (700). Interestingly, cyanobacterial divisions of labor are
labile and can be regulated depending on environmental conditions. For example, in the
presence of a utilizable nitrogen source, thus reducing the requirement for endogenous
nitrogen fixation, the filaments of Anabaena or Nostoc form homogenous filaments of
vegetative cells that remain undifferentiated (99, 107). Such flexibility is analogous to
the flexible caste ratios seen in social insects, e.g., in the ant Pheidole pallidula, where
the production of soldier pupae and adult soldiers both increase under threat of foreign
workers from unrelated colonies (73). Filamentous cyanobacteria generate several other
classes of differentiated cell types, such as akinetes, that act as durable spores and arise
during conditions of starvation (99, 102). However, it is as yet unclear how the fraction of
cells that adopt these states is determined.

Another example of a division of labor in patterned microbial multicellularity can
be found in streptomycetes which are filamentous spore-forming bacteria that are
widespread in terrestrial and aquatic environments (9, 59). Streptomycete colonies arise
following the germination of a single spore which gives rise to a multi-chromosomal
mycelium that superficially resembles that of filamentous fungi (70). These multicellular
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organisms forage on complex organic materials that are converted into small molecules
using secreted proteases, cellulases and chitinases (77). Upon nutrient depletion behind
an actively growing colony front, a developmental program is initiated allowing these
bacteria to escape harsh environmental conditions (8, 9). This leads to the formation of
aerial hyphae that differentiate into uni-genomic spores. The energetic burden associated
with the formation of these reproductive structures is thought to be supported by the
partial degradation of the vegetative mycelium via PCD (703, 104). Because streptomycete
colonies are physically attached to one another and are the clonal products of division and
growth from a single spore, kin selection can also explain this apparently altruistic PCD
(705). In addition, the architecture of streptomycete colonies appears to largely insulate
strains from mutations that give rise to less PCD or from exploitation from strains via
colony fusion (706, 107). PCD within streptomycete colonies is coupled to the production
of numerous secondary metabolites, some of which have strong antimicrobial properties
(10). As starvation is an environmental cue for sporulation, these antimicrobials are
thought to prevent competitive soil bacteria in the same nutrient-deprived environment
from benefiting from the nutrients released during PCD (708, 109). The central molecular
mechanism that connects PCD to antibiotic production is the pleiotropic transcriptional
repressor DasR, which prevents antibiotic production during vegetative growth. Colony
dismantling during PCD leads to the extracellular accumulation of cell wall-derived
N-Acetylglucosamine (GIcNAc) around the colony periphery. Internalization and
modification of GIcNAc subsequently yields glucosamine-6-phosphate (GIcN-6P), which
can allosterically bind to DasR thereby relieving its repressing activity (710). As such, this
switch is considered a robust timing mechanism to maximize the colony-wide benefits
while reducing the potential harm of PCD (708, 109).

The vegetative and reproductive growth phases in streptomycetes represent a clear
example of a division of labor: the vegetative hyphae are programmed to forage, while
the reproductive hyphae lead to stable spores that can persist through starvation and
potentially migrate to more fruitful resource patches (70). Notably, these processes are
also mutually incompatible due to their distinct physical positions in the colony itself.
Unlike vegetative hyphae which grow radially from a colony center through the substrate,
aerial hyphae are physically separated from potential nutritional resources. Instead, they
emerge from the colony surface and protrude up into the air (777). To achieve this, they
become enveloped by a hydrophobic surface layer that possibly serves two roles: it
maximizes successful spore dispersal, but also prevents hyphae from growing back into
the substrate. The vegetative hyphae, on the other hand, have a more hydrophilic nature
which may make them better suited to thrive in soils, whose natural minerals, such as
silica, are hydrophilic (717).
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Divisions of labor beyond sporulation

In parallel with the myxobacteria or Dictyostelium, the most obvious divisions of labor
in streptomycetes concern those arising during sporulation. However, both in this and
other systems, additional divisions of labor are likely to arise if colony-wide benefits can
be obtained at the expense of a small fraction of cells (49, 50). In particular, we expect
these to be found for secreted products, like antibiotics or enzymes, whose effects can
be shared by producers and non-producers alike and whose production is metabolically
costly. Thus, by differentiating a subset of specialized cells dedicated to production at the
cost of their own replication, colonies can potentially increase overall efficiency. Antibiotic
production in Streptomyces offers a clear test of this possibility. The species in this genus
are prolific antibiotic producers that are responsible for some 70% of all antibiotics used in
human and veterinary medicine (9). Because antibiotic biosynthesis is metabolically costly
and can trade-off with growth, it is conceivable that production and secretion by only a
fraction of the hyphae would offer resource savings, yet be sufficient to provide benefits
to the entire colony. Concomitantly, the antibiotic non-producing hyphae could continue
foraging while transporting nutrients to other parts of the colony. At present, there are
few data to support the existence of a trade-off between growth and secretion nor data
on the form this trade-off takes (772), either for antibiotics or other secreted products;
however, we suspect this is more for lack of looking than true absence. Indeed, in similarly
structured filamentous networks of fungal hyphae, increasing evidence supports the idea
that there is considerable heterogeneity across the colony in the production of costly
secreted enzymes (173-116). Gene expression and translational activity in Aspergillus
is spatially variable leading to subclasses of differentiated hyphae that adopt distinct
functional roles (715). At the colony periphery, minority fractions of hyphae highly express
secreted proteins, including glucoamylase, acid amylase, a-glucuronidase and feruloyl
esterase, that are essential for resource acquisition. This apparent division of labor enables
a small fraction of the total colony biomass to focus on enzyme secretion and foraging,
while the majority remains in a so-called “battery-saving” transcriptional status (176, 117).
Convincing experiments have clarified that hyphal heterogeneity in Aspergillus oryzae
is regulated by restrictions to cytoplasmic streaming, regulated by Woronin bodies that
transiently block septa between fungal compartments (777). Although further work is
required to quantify the potential ecological advantages of this division of labor, as well
as the form of the trade-offs that may govern it (772), it has been argued that it facilitates
colony-wide responses to unpredictable environmental stress (778). Additionally, it
remains unclear which environmental factors serve as cues for differentiation, and
whether different strains vary in these responses to these cues. Despite the considerable
differences between filamentous bacteria and fungi, their convergent morphologies
suggest that similar divisions of labor may have evolved in both groups to reduce the
costs and increase the efficiency of secreted products, especially given recent results
conclusively demonstrating effective cytoplasmic streaming in streptomycetes (179, 120).
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As research into microbial divisions of labor expand, more examples are identified, even
in species that lack the types of patterned multicellularity outlined above. For example,
in Bacillus subtilis biofilms, flagellum-independent migration can be conducted by the
collective action of two cell types: surfactin-producing cells and those that produce matrix
(121). While surfactin production works as a lubricant to reduce the obstruction between
cells and substrate, matrix producing cells assemble themselves into so-called van Gogh
bundles that can migrate over greater distances than would be possible without this
division of labor. During this process, srfA, which coordinates surfactic production, is up-
regulated via quorum sensing, which in turn triggers the up-regulation of tapA resulting
in the production of matrix. Importantly, there are strong trade-offs between srfA and
tapA, which likely underpins why cells segregate tasks in this system (727).

In a more recent study using Pseudomonas fluorescens, similar cooperative interactions
evolved that affected migration and led to increased colony-wide mobility and fitness
(58, 122). Notably, the cooperative division of labor that was seen in these experiments
arose de novo during laboratory evolution, indicating that divisions of labor can appear
stably with relative ease over very short evolutionary timeframes. Here, rather than
surfactin and matrix production, D-cells, corresponding to a “dry” morphotype, evolved
from an otherwise homogeneous parental M-cell that expressed a mucoid morphology.
While D-cells grew within the center of the colony, forming a fan-like structure, M-cells
were pushed towards the colony edge. This led to increased mobility of the entire
colony, greater acquisition of territory, and presumably increased access to resources
at the colony edge. Amazingly, the evolution of this division of labor required only a
single nucleotide mutation for D-cells to arise, which altered the concentrations of the
intracellular messenger cyclic-di-GMP and thereby potentially changed the expression of
hundreds of genes directly or indirectly regulated by this second messenger. This result
underscores the fact that although divisions of labor can result in highly complex and
tightly orchestrated phenotypes, they can arise by very few mutational events, although
these mutations may be accompanied by highly pleiotropic effects (58). In addition, we
anticipate that this type of experimental study will be instrumental in helping to identify
the ecological conditions that facilitate the emergence of microbial divisions of labor.

Conclusions and perspectives

Microbial divisions of labor have been best studied in the more general context of
microbial sociality and multicellularity. The diverse examples presented above and shown
in table S1 from different systems and functional roles highlight that divisions of labor
rely on high relatedness and kin selection. However, although kin selection provides a
powerful explanation for how divisions of labor are maintained, this approach is less able
to explain the extensive variation observed in divisions of labor across different genotypes
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within species. Equally, it is limited in its ability to explain the conditions under which
divisions of labor arise. ESS (evolutionarily stable strategy) models may help to resolve
these questions (50), an effort that must be further informed by a greater understanding
of the ecological benefits of divisions of labor in the conditions where they evolved.
Finally, given the apparent ease with which divisions of labor evolve in the laboratory
(58), experimental evolution offers unparalleled opportunities to address these questions
mechanistically and phenotypically in highly tractable experimental systems.
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Chapter 3
Abstract

One of the hallmark behaviors of social groups is division of labor, where different
group members become specialized to carry out complementary tasks. By dividing
labor, cooperative groups increase efficiency, thereby raising group fitness even if these
behaviors reduce individual fitness. We find that antibiotic production in colonies of
Streptomyces coelicolor is coordinated by a division of labor. We show that S. coelicolor
colonies are genetically heterogeneous because of amplifications and deletions to the
chromosome. Cells with chromosomal changes produce diversified secondary metabolites
and secrete more antibiotics; however, these changes reduce individual fitness, providing
evidence for a trade-off between antibiotic production and fitness. Last, we show that
colonies containing mixtures of mutants and their parents produce significantly more
antibiotics, while colony-wide spore production remains unchanged. By generating
specialized mutants that hyper-produce antibiotics, streptomycetes reduce the fitness
costs of secreted secondary metabolites while maximizing the yield and diversity of these
products.
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Introduction

Social insects provide some of the most compelling examples of division of labor, with
extremes in morphological differentiation associated with highly specialized functions
and reproductive sterility in all colony members, except the queen (723). However,
conditions that select for division of labor are not limited to animals, and it has become
increasingly clear that microbes offer unique opportunities to identify and study the
mechanistic underpinnings of divisions of labor (49-51, 58, 121, 124, 125). First, microbes
are typically clonal, which helps ensure that a division of labor is favored by kin selection
(50). Second, microbial populations are highly social, often cooperating to carry out
coordinated behaviors such as migration or biofilm formation that require the secretion of
metabolically expensive public goods that can be shared among clonemates (66, 126). If
these conditions are met, and investment in public good secretion trades off with fitness,
divisions of labor are predicted to evolve (50, 127).

Here, we describe the cause and evolutionary benefits of a unique division of labor that
has evolved in colonies of the filamentous actinomycete Streptomyces coelicolor. After
germinating from uni-chromosomal spores, these bacteria establish multicellular networks
of vegetative hyphae, reminiscent of fungal colonies (8, 9, 59). Vegetative hyphae secrete
a broad variety of public goods, such as chitinases and cellulases that are used to acquire
resources, as well as a chemically diverse suite of antibiotics that are used to kill or inhibit
competing organisms (70, 11, 128). Streptomycetes are prolific producers of antibiotics
and are responsible for producing more than 50% of our clinically relevant antibiotics (73).
Although the terminal differentiation of Streptomyces colonies into vegetative hyphae
(soma) and viable spores (germ) is well understood (729-131), no other forms of division
of labor in these multicellular bacteria are known. However, opportunities for phenotypic
differentiation are possible, because although colonies begin clonally, they can become
genetically heterogeneous because of unexplained high-frequency rearrangements and
deletions in their large, ~9-Mb linear chromosome (22, 26, 27, 29). The work we describe
shows that these two phenomena are intertwined. Briefly, we find that genomic instability
causes irreversible genetic differentiation within a subpopulation of growing cells. This
differentiation, in turn, gives rise to a division of labor that increases the productivity and
diversity of secreted antibiotics and increases colony-wide fitness.

Results
Genomic instability and phenotypic heterogeneity are coupled

Genomic instability and phenotypic heterogeneity have been observed in several
Streptomyces species (17, 20, 132-136), but there are no explanations for the evolution or
functional consequences of this extreme mutability. To begin addressing this question,
we quantified the phenotypic heterogeneity arising within 81 random single colonies of S.

29

3




Chapter 3

coelicolor M145 by harvesting the spores of each of these colonies and then replating the
collected spores onto a new agar surface. Although most progeny are morphologically
homogeneous and similar to the wild-type (WT), notably aberrant colonies arise at high
frequencies (0.79 + 0.06%, mean + SEM, ranging from 0 to 2.15%, n = 81) (Fig. 1A). Similarly
high rates were obtained on two minimal media (MM: 2.13 + 0.14%; MM + casamino
acids: 5.13 + 0.37%; mean + SEM; n = 30 and n = 40, respectively) (fig. S1), thereby
ruling out the possibility that these mutations are an artifact of rapid growth on rich
resources. The differences we observed on these two media types also suggest that
the mutant frequencies we estimated based on spore counts may underestimate their
values within growing colonies, given that mutants may be compromised in growth or
sporulation (as we confirm below). This is supported by the nearly two-fold difference in
mutant frequencies on MM + casamino acids compared to unsupplemented MM, where
auxotrophs arising by mutation would be unable to persist. To determine the heritability
of these aberrant phenotypes, we restreaked 15 random colonies from different plates
onto a new agar plate, which revealed remarkable variability in colony morphology
(Fig. 1B). Rather than reverting to the WT morphology, as would be anticipated if the initial
heterogeneity was due to phenotypic plasticity or another form of bistability, the colonies
derived from mutant colonies are themselves hypervariable, giving rise to up to nine
diverse phenotypes from any single colony. Thus, in the course of two cycles of colony
outgrowth, an array of colony types that differ in size, shape, and color emerged (Fig. 1B).
Because our ability to discern colony heterogeneity is limited to only a few visually distinct
phenotypic characters, we assume that these estimates of diversity are lower than their

true level of occurrence.

Using whole-genome sequencing of eight random mutants, we confirmed that these
isolates contained profound chromosomal changes. As shown in Fig. 2A, large genome
deletions were observed at the chromosome ends in all eight strains. In three cases, we
found an ~297-kb amplification on the left chromosomal arm flanked by the Insertion
Sequence IS1649, encoded by SCO0091 and SCO0368. Average sequence coverage of the
amplified region suggests that it contains between 2 and 15 copies of this amplification
(Fig. 2A and fig. S2). Sequencing results were expanded using pulsed-field gel
electrophoresis (PFGE) analysis of 30 mutant isolates (Fig. 2B and fig. S3). Consistent with
our sequencing results, this analysis revealed that mutants contain variably sized deletions
of up to ~240 or ~872 kb on the left chromosome arm and up to 1.6 Mb on the right
chromosome arm, deleting more than 1000 genes. In addition, 8 of 30 strains contained
the same large amplification between copies of IS71649 as noted above. These strains are
conspicuously yellow, which might be caused by the overproduction of carotenoids due
to the amplification of the crt gene cluster (SCO0185-0191) (35, 137, 138). In addition to
this and other phenotypic effects associated with these changes that are discussed below,
deletions to the right chromosome arm cause the loss of two loci, argG (SCO7036) and
¢mlR1(SCO7526)/cmiIR2 (SCO7662), that result in two easily scorable phenotypes: arginine
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auxotrophy and chloramphenicol susceptibility, respectively. Scoring these phenotypes
allows rapid determination of the minimal size of the deletion on the right chromosome
arm in the absence of molecular characterization. Chloramphenicol susceptibility

indicates a deletion of at least 322 kb, while the addition of arginine auxotrophy indicates
a deletion of at least 843 kb (Fig. 2B).
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Fig. 1. Emergence of phenotypic heterogeneity in colonies of S. coelicolor. (A)
WT (top) and mutant (bottom) colonies and the frequency that mutants emerge from
WT colonies on SFM agar (right). (B) Phenotypically diverse progeny (top) emerge after
restreaking mutant colonies that vary in size, shape, and pigmentation. Representative
colonies are shown. The bottom graph depicts the range of distinct morphologies that
emerge after restreaking 15 random colonies. Each color represents a distinct colony
phenotype.

Mutants increase the production and diversity of antibiotics

Mutant strains were conspicuously pigmented when compared to their parental WT
strains (Fig. 1). Because several antibiotics produced by S. coelicolor are pigmented, namely,
actinorhodin, prodigines, and coelimycin P1, which are blue, red, and yellow, respectively,
we tested whether mutant strains had altered secondary metabolite and inhibitory
profiles. Secreted metabolites from mutant and WT strains grown on agar surfaces were
analyzed using quantitative 'H nuclear magnetic resonance (NMR) profiling (739, 140).
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Fig. 2. Genome diversity of mutant colonies determined from whole-genome
sequencing and PFGE. Values in (A) correspond to the size (in kilobases) of genome
deletions, while the hexagons represent an ~297-kb genome amplification. Each line in
(B) depicts the range of deletion sizes (gray) in each mutant class, together with their
respective frequencies from 30 sampled mutant strains.

Principal components analysis (Fig. 3A) supports the partition of strains into three well
separated groups: WT and WT-like strains and then two clusters of mutant isolates. In
each case, groupings corresponded to the size of genomic lesions mentioned above.
More specifically, strains grouping in the WT and WT-like cluster were chloramphenicol
resistant (Cam®) and arginine prototrophic (Arg*), while those clustering within the blue
ellipse were chloramphenicol susceptible (Cam®) and arginine protrophic (Arg*), and
those in the red ellipsed cluster were chloramphenicol susceptible (Cam®) and arginine
auxotrophic (Arg"). To assess whether genomic deletions affected antibiotic biosynthesis,
we used mass spectrometry (MS)-based quantitative proteomics on five representative
strains from the two mutant clusters. This analysis revealed that the biosynthetic pathways
for actinorhodin, coelimycin P1, and calcium-dependent antibiotic were significantly
upregulated in all mutants (Fig. 3, B and C; fig. S4; and table S1). Because the expression
level of biosynthetic enzymes directly correlates with antibiotic production (747), these MS
results are consistent with increased antibiotic production in these strains (Fig. 3, B to D;
fig. S4; and table S1). In addition to antibiotic biosynthesis clusters, pathways regulating
arginine and pyrimidine biosynthesis were also increased in both arginine auxotrophic
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strains (fig. S4B and table S1) (742). No antibiotic-related proteins were downregulated in
this analysis.

We next asked whether these different metabolic and proteomic profiles translated to
differences in biological activity, specifically the ability to inhibit the growth of other
bacteria. Thirty mutant strains were grown on agar plates and then covered with a soft
agar overlay containing Bacillus subtilis. Inhibition was visualized as an absence of growth
surrounding the mutant colony, and the extent of inhibition was determined from the size
of the inhibition zone. As shown in Fig. 3D, mutant strains produced significantly larger
zones of inhibition than the WT strain (26 of 30; one-tailed one-sample t tests, all P < 0.05).
In addition, we observed significant heterogeneity among mutant strains in halo size
[one-way analysis of variance (ANOVA) =5.45,P <0.001].

’ F29,90

To test whether the increased inhibition we observed against B. subtilis was correlated
with the 'TH NMR profiles, we used a partial least-squares regression (Fig. 3E) (740). This
confirmed that the separation into different groups significantly correlates with the halo
size (Q? = 0.879), which was further validated by both permutation tests and ANOVA
of crossvalidated residuals (CV-ANOVA, F&116 = 104.443, P < 0.001). To identify possible
compounds that are overproduced in mutants compared to WT, we identified several 'H
NMR signals that varied across strains and strongly correlated with the size of the zone of
inhibition against B. subtilis (table S2); notable among these are several aromatic signals,
which correspond to actinorhodin, consistent with our proteomic analyses (Fig. 3,Band C;
fig. S4; and table S1).

Phenotypic results indicate that mutant strains produce more antibiotics than their WT
parent when assayed against a single bacterial target, as anticipated given our NMR
and proteomic results. However, they do not distinguish whether strains can be further
partitioned on the basis of which other species they inhibit. Score plots of principal
components analysis based on '"H NMR signals reveal clear separation between mutant
clones within and between clusters (Fig. 3A), suggesting that their inhibitory spectra
may vary. In addition, quantitative proteomic data show that different strains vary in
their production of known antimicrobials. To test this, we measured the ability of four
mutant clones to inhibit 48 recently isolated Streptomyces strains (37). Streptomyces
targets were chosen because these are likely to represent important competitors for other
streptomycetes in soil environments. At least one of the four mutant strains produced a
significantly larger halo than the WT strain against 40 of 48 targets, indicating increased
inhibition (Fig. 3F). For these 40 targets, we observed significant differences between the
mutant strains themselves. We found differences in the size of the zone of inhibition on
different target species (two-way ANOVA, F .- =21.21, P < 0.001) as well as a significant
interaction between mutant strain and the target species (two-way ANOVA, F, .., =5.83,
P < 0.001), indicating that the inhibitory profile of each mutant strain is distinct from the
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Fig. 3. Secondary metabolite production in mutant strains determined by 'H NMR,
quantitative proteomics, or zones of inhibition on B. subtilis or 40 different natural
streptomycete isolates. (A) Principal components (PC) analysis plot of '"H NMR data.
Each cluster enclosed in a colored ellipse (with 95% confidence interval) corresponds to a
mutant class with a different phenotype and degree of genomic instability: WT-like strains
(gray), CamSArg* strains (blue), and CamSArg- strains (red). (B and C) Volcano plots of
MS-based quantitative proteomics of two representative strains 9H1A (CamSArg-) (B) and
9H1B (Cam®Arg*) (C). Protein level is indicated by the size of the dot, and genes with <
2-fold change and/or P = 0.05 are grayed out. (D) Zones of inhibition of each strain when
grown with a B. subtilis soft agar overlay. Colors represent the same mutant classes as in
(A). The large dot represents the mean of four replicates, while error bars represent the
SE. (E) Partial least-squares (PLS) plot of 'TH NMR data partitioned by the same clusters
asin (A). The heat map indicates the size of the zone of inhibition on B. subtilis. (F) Zones
of inhibition of four representative mutant strains with an overlay of 40 different natural
streptomycetes, each represented by a different line. Statistics are given in the main text.

others. Together, these results reveal that mutants arising within colonies not only are
more effective at inhibiting other strains but also are diversified in who they can inhibit
because their inhibition spectra do not overlap. They also suggest that the beneficiary
of diversified antibiotic secretion is the parent strain, because competing bacteria are
unlikely to be resistant to this broadened combination of secreted antimicrobials.

Antibiotic production is coordinated by a division of labor

Having shown that Streptomyces colonies differentiate into distinct subpopulations that
vary in their antibiotic production, we next asked how this differentiation affects colony
fitness. To answer this, we measured the fitness of each mutant strain by quantifying the
number of spores they produce when grown in isolation. As shown in Fig. 4A, mutants
produce significantly fewer spores than the WT strain (28 of 30; two-sample t tests,
P < 0.05) and, in extreme cases, as much as 10000-fold less, with significant heterogeneity
2959 = 132.57, P < 0.001). The reduction in spore
production is significantly negatively correlated with antibiotic production (F, ,; = 26.58,
r? = 0.478, P < 0.001) (fig. S5A). This provides evidence that antibiotic production is
costly to S. coelicolor and that there is a direct trade-off between antibiotic production
and reproductive capacity, possibly because energy is redirected from development to
antibiotic production (743). In addition, we observed a significant negative correlation
between the size of the genome deletion and colony-forming unit (CFU) (Fw =12.32,
r’=0.638, P =0.0099) and a positive correlation between the deletion size and bioactivity
against B. subtilis (F, , = 37.97, r* = 0.844, P < 0.001), suggesting that these phenotypes
scale with the magnitude of genomic changes (Fig. 4B).

among strains (one-way ANOVA, F
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Fig. 4. Fitness of mutant strains grown alone or during coculture with the WT strain
and the effects of genome deletions on fitness and antibiotic production. (A) Fitness
[colony-forming unit (CFU)] of mutant strains. (B) Decreases in genome size negatively
correlate with fithess (top) and positively correlate with antibiotic production (bottom).
(C) Division of labor during coculture of the WT and strain 9H1A at different starting
frequencies. Increasing frequencies of 9H1A cause increased antibiotic production (F2,7 =
107.7,r? = 0.969, P < 0.001) (red) but only negatively affect colony fitness at frequencies
>~50% (F,, = 37.95, * = 0.916, P < 0.001) (black). Quadratic regression lines include the
95% confidence interval.

To examine the effects of mutant strains on the colony as a whole, we mixed mutant
strains with their WT parent at increasing frequencies and quantified colony-wide spore
production and the ability of these mixtures to kill B. subtilis. We measured responses
across a broad range of initial mutant frequencies to reflect the large variation in these
values across media types and colonies and to also address uncertainties in their
frequencies and spatial distribution during colony growth. Results of these experiments,
shown in Fig. 4C, support two important conclusions: (i) Increasing fractions of mutants
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lead to increased antibiotic production, and (ii) although mutant strains have individually
reduced fitness (fig. S5B), their presence within colonies has no effect on colony-wide
spore production, until the mutant frequency exceeds >50% of the total. We carried out
the same assay with three additional mutant clones, but at fewer frequencies, to estimate
spore production and observed concordant results (fig. S6): Up to a frequency of ~50%,
mutant strains have no effect on colony-wide spore production, while each incremental
increase in the frequency of these strains enhances colony-wide antibiotic output. These
results indicate that the benefits of producing cells with chromosomal lesions are evident
across a broad range of frequencies, but that even with extremely high mutation rates, the
costs to colony-wide fitness are minimal or entirely absent.

Discussion

Streptomycetes are prolific producers of antibiotics, with genomes typically containing
more than 20 secondary metabolite gene clusters that comprise more than 5% of their
entire genome (35, 144, 145). They invest heavily in these products, and their biosynthesis
and secretion are costly. Our results suggest that, by limiting antibiotic production to
a fraction of the colony through division of labor, S. coelicolor can eliminate the overall
costs of biosynthesis while maximizing both the magnitude and diversity of their secreted
antibiotics. Although this comes at a large individual cost, it increases group fitness by
improving the ability for S. coelicolor to inhibit their competitors. Moreover, our results
reveal that the range of conditions that select for a division of labor are quite broad,
because colony-wide fitness is unaffected, even if mutant strains are as frequent as ~50%.

Division of labor is predicted to be favored in this system for several reasons. First,
Streptomyces colonies emerge from a single spore and are clonal (729). This fact, together
with their filamentous mode of growth, ensures that costly individual traits can be
maintained because of their indirect fitness benefits (50, 51, 59). In addition, because
resistance to the diversified antibiotic profile of mutant strains is unlikely to be present in
competing strains, only the parent strain stands to benefit from their sacrifice. Second, the
costs of antibiotic production via large and dedicated multistep biosynthetic pathways,
e.g., nonribosomal peptide or polyketide synthases, are likely to be highest at the initiation
of antibiotic production but diminish thereafter, meaning that producing cells become
more efficient at making antibiotics through time (727); furthermore, we show that
antibiotic production trades off with reproduction. Last, many antibiotics are secreted, so
the entire colony, but not susceptible competitors, can benefit from the protection they
provide (746).

Even if conditions predispose to a division of labor, there must still be a process that
generates phenotypic heterogeneity. Our results show that, in Streptomyces, this is caused
by genomic instability that creates a subpopulation of cells within colonies that contain
large deletions or amplifications at the termini (26, 29, 136). These mutations are severe
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and irreversible. Because strains, or portions of colonies, containing these deletions have
significantly reduced fitness, they effectively behave like a sterile caste that provide direct
benefits to the rest of the colony and receive little in return (723). Even when the initial
frequency of mutants in mixed colonies approaches 80%, their final frequency declines
to less than 1% after one cycle of colony growth (fig. S7). This suggests that the division
of labor in S. coelicolor is reestablished independently and differently in each colony, a
mechanism that may help to maximize the diversity of secreted antibiotics.

It remains unclear whether there are mechanisms regulating the size and frequency of
chromosomal deletions and amplifications. One possibility is that these events are induced
by external environmental conditions and that their rate is context dependent. Instability
can be elevated by exposure to certain toxicants, e.g., mitomycin C or nitrous acid (24),
although no explicit stress was added in the experiments we report, and it also varies with
media type. It may also be increased during competition with other strains, a process that
is known to alter the secretion of secondary metabolites (728, 147). Another possibility
is that deletions and the benefits they bring for antibiotic production are a fortuitous
by-product of the cell death that accompanies development (729). By this argument,
chromosome degradation would be regulated but would not always be lethal. Although
we have not confirmed this experimentally, it is likely that conserved amplifications result
from the flanking copies of IS1649, which can facilitate intragenomic rearrangements
(748). In either case, the expectation is that increased antibiotic production results from
the deregulation of biosynthetic clusters following the deletion of hundreds of genes,
many known to coordinate antibiotic biosynthesis (35). In addition, because deletions are
stochastic, especially following the removal of protective telomeres at the ends of linear
chromosomes, this would also cause antibiotic production to vary in different sections of
the colony.

Our preliminary surveys have found similar levels of genomic instability in streptomycete
strains that we have freshly isolated from soil, suggesting that the division of labor we
describe here is general. We are limited, however, in our ability to detect polymorphisms;
color changes are conspicuous and are invariably associated with changes to pigmented
secondary metabolites, but other secreted public goods may also become modified in
these multicellular bacteria. Understanding which, if any other, public goods vary in
the ways shown here is crucial because it will help to identify conditions that lead to a
genetically encoded division of labor as compared to other forms of regulation that allow
complex multicellular microbial systems to coordinate their behaviors and maximize their
fitness.
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Materials and methods
Bacterial strains and growth conditions

S. coelicolor A3(2) M145 was obtained from the John Innes Centre strain collection. The
strain was cultivated at 30°C on soya flour mannitol medium agar plates (SFM) for strain
isolation and to quantify CFU (749). SFM contains mannitol (20 g liter™'), agar (20 g liter™),
and soya flour (20 g liter™'). To examine antibiotic production and to extract secondary
metabolites, we used MM supplied with 0.5% mannitol and casamino acids (740 ug ml™).
MM contains asparagine (0.5 g liter™), K,HPO, (0.5 g liter ™), MgSO,-7H,0 (0.2 g liter™),
FeSO,-7H,0 (0.01g liter™), and agar (10 g liter™'). For DNA extraction, strains were grown
in liquid flasks shaken at 200 rpm at 30°C in TSBS:YEME (1:1, v:v) supplemented with 0.5%
glycine and 5 mM MgCl,. TSBS contains tryptic soya broth powder (30 g liter™') and sucrose
(100 g liter™'), and YEME contains 3 g of yeast extract, 5 g of peptone, 3 g of malt extract, 10
g of glucose, and 340 g of sucrose. Escherichia coli and B. subtilis were cultivated at 37°Cin
LB media with constant shaking or on LB agar plates.

All strains were derived from a single isolate of S. coelicolor A3(2) M145 (designed as WT).
Briefly, samples from a frozen spore stock were diluted and plated onto SFM agar to obtain
single colonies. After 5 days of growth, single colonies with WT morphology were diluted
and plated onto another SFM plate. From each plate, single colonies with conspicuously
mutant phenotypes were picked into sterile water and plated at appropriate dilutions
onto SFM agar (n = 3 per colony), from which we estimated the frequency of different
mutant phenotype classes. Each derived type was plated to confluence on SFM agar, and
after 7 days of growth, spores were harvested to generate spore stocks, which were stored
at —80°C in 20% glycerol. To quantify mutation frequency, single colonies were grown for
5 days on three different media, and then we picked the colonies with WT morphology,
diluted, and plated them onto the corresponding media. Mutation frequency was scored
on the basis of the phenotypes after 3 to 5 days. Table S3 provides strain designations and
indicates which strains were examined in each set of assays.

Phenotypic scoring

Two phenotypes that are related to the loss of loci in the right arm were scored (n = 3
per strain). The arginine auxotrophs were identified by replicating 10 CFUs of each strain
on MM supplied with 0.5% mannitol with and without arginine (37 pug ml™") (24). After
5 days of growth, auxotrophs were identified as those strains that only grow on the
media supplied with arginine. Chloramphenicol resistance was estimated by using the
disk diffusion method. In detail, 2 x 10° spores were spread onto MM supplemented with
casamino acids (740 pg ml™") (24) in 120-mm square petri dishes, followed by placing
a paper disk containing 25 ug of chloramphenicol on it. After 4 days, the radius of the
inhibition zone around the disk was measured using ImageJ (750). Inhibition zones that
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were smaller than 5 mm were scored as resistant, while those that are larger than 5 mm
were scored as susceptible.

Antibiotic production

Spores of each strain were diluted to 10° CFU ml™" in Milli-Q water, and 1 pl was spotted
onto MM + casamino acid agar plates (n = 4 per strain). After growth for 5 days at 30°C,
plates were covered with 15 ml of LB soft agar (0.7%) containing 300 pl of a freshly grown
indicator strain [optical density at 600 nm (OD,,,) = 0.4 to 0.6]. After overnight incubation
at 30°C, zones of inhibition around producing colonies were measured using ImageJ.

The bioactivity against Streptomyces isolates was tested for four strains: 2H1A, 8H1B, 9H1B,
and 9H1A. Three milliliters of SFM agar was poured onto each well of a 100-mm square
petri dish (Thermo Fisher Scientific, USA), after which we spotted 1 pl of each test strain
containing ~10° total spores in the corner of each well. After 5-day growth, 500 pl of MM
supplemented with 0.5% mannitol and casamino acids (740 pg ml~'") containing ~10°
spores of the target strain was overlaid on top. Zones of inhibition were measured 2 days
later using ImageJ (150).

'H NMR profiling and data analysis

Spores (2 x 10°) were spread onto MM + casamino acids in 120-mm square petri dishes
(n = 3 per strain, except n = 2 for one WT clone). After 5 days of incubation at 30°C, agar
was chopped into small pieces using a sterile metal spatula and secreted compounds
were extracted in 50 ml of ethyl acetate for 72 hours at room temperature. Next, the
supernatant was poured off and evaporated at 37°C using a rotating evaporator. Pellets
were obtained by drying at room temperature to remove extra solvents and then freeze-
dried to remove remaining water. After adding 500 ul of methanol-d, to the dried pellets,
the mixtures were vortexed for 30 s followed by a 10-min centrifugation at 16000 rpm.
The supernatants were then loaded into a 3-mm NMR tube and analyzed using 60-MHz 'H
NMR (Bruker, Karlsruhe, Germany) (739, 140).

Data bucketing of NMR profiles was performed using AMIX software (version 3.9.12,
Bruker BioSpin GmbH) set to include the region from 6 10.02 to 0.2 with a bin of 0.04 parts
per million scaled to total intensity, while the signal regions of residual H,0 in methanol
(6 4.9 to 4.7) and methanol (& 3.34 to 3.28) were excluded. Multivariate data analysis was
performed with the SIMCA software (version 15, Umetrics, Sweden) (739).

MS-based quantitative proteomics

Spores (10%) were spotted on SFM agar covered with cellophane and incubated for 5 days
at 30°C. Colonies were scraped off and snap-frozen in liquid N, in tubes and then lysed
three times in a precooled TissueLyser (Qiagen, The Netherlands). Proteins were dissolved
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in lysis buffer [4% SDS, 100 mM tris-HCI (pH 7.6), 50 mM EDTA] and then precipitated
using chloroform-methanol (757). The dried proteins were dissolved in 0.1% RapiGest
SF surfactant (Waters, USA) at 95°C. Protein digestion steps were done according to van
Roodenetal. (152). After digestion, trifluoroacetic acid was added for complete degradation
and removal of RapiGest SF. Peptide solution containing 8 g of peptide was then cleaned
and desalted using the STAGE-Tipping technique (753). Final peptide concentration was
adjusted to 40 ng pl~" with 3% acetonitrile solution containing 0.5% formic acid. Two
hundred nanograms of digested peptide was injected and analyzed by reversed-phase
liquid chromatography on a nanoACQUITY UPLC system (Waters) equipped with HSS-T3
C18 1.8 um, 75 um x 250 mm column (Waters). A gradient from 1 to 40% acetonitrile in
110 min was applied, and [Glu']-fibrinopeptide B was used as the lock mass compound
and sampled every 30 s. Online MS/MS analysis was done using a Synapt G2-Si HDMS
mass spectrometer (Waters) with an UDMSE method setup as described (752).

Mass spectrum data were generated using ProteinLynx Global SERVER (PLGS, version 3.0.3),
with MSE processing parameters with charge 2 lock mass 785.8426. Reference protein
database was downloaded from GenBank with the accession number NC_003888.3.
The resulting data were imported to ISOQuant (754) for label-free quantification. TOP3
quantification result from ISOQuant was used in later data processing steps.

In total, of the 7767 proteins from the database, 2261 proteins were identified across all
samples. For each sample, on average, 1435 proteins were identified. TOP3 quantification
was filtered to remove identifications meeting both criteria: (i) identified in less than
70% of samples of each strain and (ii) the sum of TOP3 value less than 1 x 10°. This led to
the removal of 297 protein quantification results. Proteins were considered significantly
altered in expression when log, fold change > 1 and P < 0.05. Volcano plots were made
from filtered data, with the four biosynthetic gene clusters highlighted.

CFU production

To quantify CFU, 10* spores of each strain were spread onto SFM agar (n = 3 per strain,
except n = 2 for 9H1B) and left to grow for 7 days to confluence. After 7 days, spores
were harvested by first adding 10 ml of Milli-Q water onto the plate and then using a
cotton swab to remove spores and mycelial fragments from the plate surface. Next, the
water suspension was filtered through an 18-gauge syringe plugged with cotton wool to
remove mycelial fragments. After centrifuging the filtered suspension at 4000 rpm for 10
min, the supernatant was poured off and the spore pellet was dissolved in a total volume
of 1 ml of 20% glycerol. CFU per plate was determined via serial dilution onto SFM agar.

DNA extraction and sequencing
Nine strains, including one WT and eight mutants, were selected for sequencing with the
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Sequel Systems from Pacific Biosciences (PacBio, USA). Roughly 108 spores were inoculated
in 25 ml of TSBS:YEME (1:1, v:v) supplemented with 0.5% glycine and 5 mM MgCl, and
cultivated at 30°C with 200 rpm shaking speed overnight. The pellet was then collected
after centrifugation and washed twice with 10.3% sucrose. Samples were then resuspended
in DNA/RNA Shield (Zymo Research, USA) with 10x volume at room temperature and sent
to be commercially sequenced at BaseClear (Leiden, The Netherlands).

Subreads of the sequenced results shorter than 50 base pairs (bp) were filtered and stored
in BAM format. The reference alignments were performed against S. coelicolor A3(2)
genome (NC_003888.3) using BLASR (v5.3.2) (7155). Resulting BAM files were then sorted
and indexed using SAMtools (v1.9) (156). For the calculation of genome rearrangements,
the depths were called and exported through the depth function in SAMtools. The edges of
genome were identified by manually checking the break point where the coverage drops
to zero. The size of the amplified region was defined by the markedly higher coverage
compared to the adjacent sequences. All results were further confirmed by visualizing
them in IGV (v2.4.15) (157, 158).

Pulsed-field gel electrophoresis

Approximately 108 spores were inoculated into 25 ml of TSBS:YEME (1:1, v:v) supplemented
with 0.5% glycine and 5 mM MgCl, and cultivated overnight at 30°C at 200 rpm. After
centrifuging the culture at 4000 rpm for 10 min, the pellet was resuspended in 400 pl of cell
suspension buffer containing 100 mM tris:100 mM EDTA (pH 8.0) and lysozyme (1 mg ml~")
and mixed with the same volume of 1% SeaKem Gold Agarose (Lonza, USA) in TE buffer
containing 10 mM tris:1 mM EDTA (pH 8.0) with 1% SDS. This mixture was immediately
loaded into the PFGE plug mold (Bio-Rad, USA). Next, plugs were lysed in 5 ml of cell lysis
buffer containing 50 mM tris:50 mM EDTA (pH 8.0), 1% N-lauroylsarcosine sodium salt, and
lysozyme (4 mg ml™") incubated for 4 hours at 37°C with gentle agitation. This was then
followed by a 5-hour incubation in 5-ml cell lysis buffer containing proteinase K (0.1 mg
ml~'; Qiagen, The Netherlands) at 56°C and 50 rpm. Last, the plug was washed twice in
preheated Milli-Q water and four times in preheated TE buffer and incubated at 56°C for at
least 15 min with gentle mixing. Plugs were sliced into 2-mm width pieces and presoaked
in 200 pl of 1x NEBuffer 3.1 for at least 30 min. After replacing the buffer with 200 pl of
1x NEBuffer 3.1, 2 ul of the rare-cutter Ase | (New England Biolabs, UK) was added and
incubated at 30°C overnight. Agarose (1%) was used for running fragments in 0.5x freshly
prepared tris-borate-EDTA. S. cerevisiae chromosomal DNA (0.225 to 2.2 Mb; Bio-Rad,
USA) and WT S. coelicolor DNA were used as size markers to estimate fragment sizes. Two
electrophoresis conditions were applied to separate and visualize the smaller (<1016 kb)
and larger (>1016 kb) fragments: (switch time: 2.2 to 75 s; voltage: 200 V; running time: 19
hours) and (switch time: 60 to 125 s; voltage: 200 V; running time: 20 hours), respectively.

PFGE results were compared to the Ase | restriction maps of the WT strain, which contains
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17 fragments ranging from 26 bp to 1601 kb (fig. S3). Two fragments, 240 and 632 kb, can
be easily resolved if they are deleted from the left arm, while one large 1601-kb fragment
can be affected when deletions occur in the right arm.

Fitness estimates

The relative fitness of four fully sequenced mutant isolates-2H1A, 8H1B, 9H1B, and 9H1A-
was estimated during pairwise competition with the WT parent. To distinguish strains, we
first transformed mutant and WT strains with the integrating plasmids plJ82 and pSET152,
which confer hygromycin B and apramycin resistance, respectively. Potential fitness effects
of the markers were determined by generating two WT variants that were transformed
with either single marker. No effects were observed in these control experiments (one-
sample t test, t = 2.029, P = 0.082). Fitness assays were initiated by normalizing each strain
to a density of 10° spores ml~' and then mixing at different starting ratios of mutant:WT.
One hundred microliters of this mixture, containing 10° spores, was plated as a lawn onto
SFM agar and incubated at 30°C for 5 days, while another fraction of the sample was plated
after serial dilution onto SFM containing either apramycin (50 ug ml=') or hygromycin
B (50 ug ml™") to precisely quantify the densities of each strain. After 5 days of growth,
bacteria were harvested as above and plated by serial dilution onto SFM containing either
apramycin (50 ug ml™") or hygromycin B (50 pg ml™). Fitness was quantified, following
Lenski et al. (159), by calculating the ratio of the Malthusian parameters of both strains.
Values below 1 indicate that mutant strains have lower fitness than the WT strain. More
detailed assays were carried out with strain 9H1A, where we simultaneously estimated
the fitness of this strain at a broader range of frequencies from 10 to 99% and determined
how the frequency of the mutant strain influenced antibiotic production, as measured by
the size of the zone of inhibition against a B. subtilis indicator in a soft agar overlay.

Data availability

All data needed to evaluate the conclusions in the chapter are present in the paper
and/or the Supplementary Materials. The MS proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifiers PXD014413 and 10.6019/PXD014413 (160, 161). Raw data are available at Dryad
(10.5061/dryad.bnzs7h462).
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Chapter 4
Abstract

In colonies of the filamentous multicellular bacterium Streptomyces coelicolor, a sub-
population of cells arise that hyper-produce metabolically costly antibiotics, resulting in a
division of labor that maximizes colony fitness. Because these cells contain large genomic
deletions that cause massive reductions to individual fitness, their behavior is altruistic,
much like worker castes in eusocial insects. To understand the reproductive and genomic
fate of these mutant cells after their emergence, we use experimental evolution by serially
transferring populations via spore-to-spore transfer for 25 cycles, reflective of the natural
mode of bottlenecked transmission for these spore-forming bacteria. We show that, in
contrast to wild-type cells, altruistic mutant cells continue to significantly decline in fitness
during transfer while they delete larger and larger fragments from their chromosome ends.
In addition, altruistic mutants acquire a roughly 10-fold increase in their base-substitution
rates due to mutations in genes for DNA replication and repair. Ecological damage, caused
by reduced sporulation, coupled with irreversible DNA damage due to point mutation and
deletions, leads to an inevitable and irreversible type of mutational meltdown in these
cells. Taken together, these results suggest that the altruistic cells arising in this division of
labor are equivalent to reproductively sterile castes of social insects.
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Introduction

Multicellular organisms show enormous variation in size and complexity, ranging from
multicellular microbes to sequoias and whales, and from transient undifferentiated cellular
clusters to stable individuals with highly specialized cell types. Despite their differences,
a recent study showed that a central factor determining organismal complexity is the
way in which multicellular organisms are formed (98). Clonal groups, where relatedness
among cells is high, show more cellular specialization and an increased likelihood of
expressing a reproductive division of labor between somatic and germ cells (50, 98, 162,
163). By contrast, groups with aggregative multicellularity like dictyostelid social amoebae
or myxobacteria, which potentially have lower relatedness between cells if unrelated
genotypes co-aggregate during development, tend to show reduced specialization (56,
96, 164). Thus, in analogy with sterile castes within colonies of social insects, the extreme
altruism needed for reproductive sterility is facilitated by high relatedness (765).

In microbes, the requirement of high relatedness is most easily met if colonies are initiated
from a single cell or spore. High relatedness during multicellular growth or development
is even further guaranteed if the cells within colonies remain physically connected to
each other, as observed in filamentous streptomycetes (57, 59). These bacteria have a
well-characterized developmental program that leads to the formation of durable spores
following a period of vegetative growth and the elaboration of spore-bearing aerial
hyphae (7, 8). In addition, we recently showed that colonies are further divided into a
sub-population of cells that hyper-produces antibiotics (766). Here we provide a detailed
examination of the fate of these specialized cells and provide evidence that they represent
a terminally differentiated altruistic cell type within these multicellular microbes.

Streptomyces are bacteria that live in the soil and produce a broad diversity of antibacterial
and antifungal compounds, among other specialized metabolites (9, 13). Division of labor
allows Streptomyces coelicolor colonies to partly offset the metabolic cost of producing
these compounds. However, differentiation into this hyper-producing cell type is
accompanied by huge fitness costs due to massive deletions of up to 1 Mb from the ends
of their linear chromosomes. Examining independent mutant strains, we found a strong
positive correlation between the size of genome deletions and the amount of antibiotics
produced, as well as a strong negative correlation between the deletion size and spore
production. In addition, competitive fitness assays revealed that mutant strains were
strongly disadvantaged. Indeed, even when the initial frequency of mutants in mixed
colonies was as high as ~80%, their final frequency declined to less than 1% after one
cycle of colony growth (766). These results suggested that mutant strains would be quickly
eliminated during competitive growth. We hypothesized that, like sterile insect workers,
these altruistic cells represented a sterile microbial caste. However, as our results were
based on static colonies, we lacked insight into the fate of these cells after they emerged.
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To address this question, the current study tracked the fate and fitness of altruistic mutant
and wild-type lineages during short-term experimental evolution. To reflect the manner of
spore-to-spore reproduction in these bacteria, lineages were serially transferred via single
colonies, similar to a mutation accumulation design (43) (Fig. 1A). In contrast to much
longer-term experiments using this approach in other microbes, where fitness declines
extremely slowly (42, 167), we observed massive fitness reductions, including extinction, in
our mutant lineages after only 25 transfer cycles. These changes were not only associated
with continued deletions to the chromosome ends, but also the tendency for lineages to
become hypermutators likely due to errors in genes for DNA replication and repair (168,
169). Together these data support the idea that this specialized sub-population of cells
within Streptomyces colonies is equivalent to a sterile caste and further highlights the idea
that clonal propagation can give rise to a broad diversity of functionally specialized cells
within bacterial colonies, beyond the binary distinction between spores and vegetative
cells.

Results
Phenotypic changes during serial transfer

To track the fate of different mutant lineages harboring different spontaneous genomic
deletions we transferred six WT (W1-W6) and six mutant (M1-M6) strains for 25 transfers
cycles through single spore bottlenecks twice per week (Fig 1A). Consistent with our
earlier results (766), we first confirmed that the starting competitive fitness of a subset
of these mutants was significantly reduced compared to the WT ancestor (Fig 1B). Even
when mutant lineages were inoculated at an initial frequency as high as roughly 80%,
their final frequency during paired competition declined to less than 1%. In addition,
the mutant strains that were used to initiate the MA experiment produced significantly
fewer colony-forming unit (CFU) after clonal development than their WT counterparts
(Wilcoxon rank-sum test, P = 0.0022, Fig. 3A). Strains were sampled every 5 transfers, with
the exception of one WT lineage (W3) that was sampled more frequently after it acquired
chromosome deletions, as explained below. One of the six mutant lineages (M2) acquired
a bald morphology after the 5th transfer and became functionally extinct due to a total
loss of spore production and was not included in fitness analyses (fig. S1).

To identify phenotypic changes in evolved lineages, we screened for two easily scored
traits that are indicative of deletions to the right chromosome arm. Chloramphenicol
susceptibility, due to the deletion of cmIR1 (SCO7526)/cmIR2 (SCO7662), indicates a
deletion of at least 322 kb (770, 171) and arginine auxotrophy, due to the deletion of argG
(SCO7036), corresponds to a deletion of at least 843 kb (772). In addition, we analyzed
changes to resistance to three other antibiotics. As is evident in Fig. 2A, whereas the
WT lineages remained resistant to chloramphenicol (except for W3, as noted above)
the minimal inhibitory concentration (MIC) of mutant lineages were lower than the WT
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Fig. 1. Overview of the experimental design. (A) The schematic of our experimental
setup. An ancestral WT colony was picked and plated to obtain individual colonies. One
mutant and one WT colony were picked and plated to obtain six WT and six mutant
clones. Lineages were subsequently transferred via single colony bottlenecks for 25
transfers. (B) Initial and final frequency of three TO strains from different lineages during
competition with the WT ancestor. The dashed line shows the expectation if initial and
final frequencies are equal, as seen for the strain from the WT lineage (W1). By contrast,
mutant fitness (M1 and M5) is dramatically lower than WT fitness, dropping to < 1% even
when starting from as high as approximately 73% (M1) or 82% (M5).

or declined during the course of the experiment. On the basis of these results, W3 was
hereafter analyzed as a mutant lineage, despite its WT origin. A trend towards increased
arginine auxotrophy was also observed in mutant lineages (Fig. 2B), suggesting that
continuous chromosome deletions occurred during the course of the experiment. Tests
for susceptibility to other antibiotics (fig. S2) also showed similar trends as those found
for chloramphenicol, with the exception of the bald populations from M2 that showed a
4-fold increase in the MIC for ciprofloxacin.
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Fitness rapidly declines in evolved populations

Results in Fig. 3A show that the CFU of mutant lineages declined continuously compared
to WT lines. M2, that went extinct after the 5th transfer, was only evaluated for the first two
time points, and W3 was treated as a mutant lineage from the 7th transfer. We compared
the differences of CFU between the end and starting time point of the experiment within
each lineage. Of the mutant lineages, all 7 showed significant reductions in CFU during
the experiment (Welch’s t tests, all P < 0.01), amounting to a 9.8-fold median decline (IQR
5.4-13.3; one-sample Wilcoxon signed-rank test, P=0.016). By contrast, 4 of 6 WT lineages
show small, but significant, increases in CFU (Welch’s t tests, all P < 0.05), amounting to
a 2.4-fold median fitness increase (IQR 1.6-2.8; one-sample Wilcoxon signed-rank test, P
= 0.031). Accordingly, as shown in Fig 3B, the average CFU change of WT and mutant
lineages are significantly different from each other (Wilcoxon rank-sum test, P = 0.0012).

Continuous deletions in mutant lineages but not wild-type lineages

To identify genetic changes that led to the rapid declines in mutant fitness, we used
whole-genome sequencing to measure changes in genome size by mapping against a
reference strain (fig. S3). As expected, no changes were observed in WT lineages (with the
exception of W3). By contrast, as shown in Fig. 4A and fig. S3, mutant lineages continued to

50



Mutational meltdown

Population/Strain
10 type
O Mutant
= O wr
= 94
w
(7]
+ Lineage type
c
3 g- — M
£ —w
2
™
o
e 74
o
o
|
6_

0 5 10 15 20 25
Transfer
3.0 b
[e}
25
2.0 °

2]
C-6

=§=

CFU fold change
o

-80 ®

=

WT Mutant

Fig. 3. Fitness changes in WT and mutant lineages. (A) The fitness (CFU) dynamics
of each replicate lineage through time. WT lineages are shown in black while mutants
are shown in gray. The WT lineage that became mutant after the 7th transfer is indicated
by a dashed line (W3). (B) Median fold change of CFU of WT (n = 6) and mutant (n = 7)
lineages during serial transfer.

accumulate large deletions to the left and right chromosome arms during serial transfer.
Deletions to the left arm ranged from 0 to 882 kb, and in the right arm from 0 to 250 kb
(Left arm: 289 + 117 kb (mean + SE), n = 7; Right arm: 80 + 30 kb (mean + SE), n = 7). The
total deletion sizes of these strains ranged from 0 to 924 kb (369 + 124 kb (mean + SE),
n = 7). One lineage (M2) suffered an abnormally large deletion on the left chromosome
arm, and this strain was no longer able to develop an aerial mycelium, resulting in a
bald phenotype (fig. S1). However, no apparent deletions in known bld genes could be
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Fig. 4. Genomic deletions and their effects on strain fitness. (A) Initial and final
deletion sizes on the left and right chromosome arms. (B) Significant negative correlation
between the size of the chromosome deletions and strain fitness, shown for the left arm,
the right arm and the entire genome. Regression lines include the 95% confidence interval.

identified (777), suggesting other causes for this phenotype. Additionally, one lineage
(M5) that began with the shortest genome did not gain further deletions, suggesting
that further genome loss may not have been possible due to the presence of essential
genes near the border of the chromosome ends. Fig. 4B plots the relationship between
CFU and the size of genomic deletions on the left arm, right arm or entire chromosome.
These results confirm and extend our previous observations. CFU and the deletion size are
negatively correlated for the leftarm (F, |, =6.03,r>=0.354, P=0.031), the right arm (F
9.88,r2=0.47, P =0.009) and for the whole chromosome (F

111

=10.75,r*=0.49, P=0.007).

1,1

52



Mutational meltdown

Increased base-substitution rates in mutant lineages

To address other sources of mutational variation, in addition to gross chromosome
changes, we estimated the base-substitution and indel mutation rates from mutant
and WT lineages. Unexpectedly, we found that mutant lineages fixed significantly more
mutations than the WT lineages. Overall, mutants fixed 29.5 mutations per lineage (median,
IQR 12.25-32.5, n = 6) while the WT lineages fixed 5 mutations per lineage (median, IQR
4-6, n = 5). To account for differences in the number of transfers of different lineages (due
to the impact of W3 that became a mutant after 5th transfer), we calculated a per transfer
mutation rate. This analysis showed that the base-substitution rate for mutants was 12.78
per 108 nucleotides per transfer (median, IQR 7.62-17.46, n = 7) compared to 1.5 per 102
nucleotides per transfer (median, IQR 1.28-2.03, n = 6) in WT, exhibiting a roughly 10-fold
difference (Wilcoxon rank-sum test with continuity correction, U = 4, P = 0.018) (Fig. 5A).
When we partitioned this result into different mutant classes, we observed that mutants
acquired synonymous and non-synonymous mutations as well as changes in non-coding
regions at a significantly higher rate (Fig. 5B). Further, looking across different transitions
and transversions, we found that mutants fixed more mutations in 4 out of 6 mutation
classes (Fig. 5C). Four mutant lineages fixed mutations in alleles affecting DNA replication
or repair (168, 169), including DNA polymerase Il (synonymous), DNA topoisomerase IV
(synonymous), DNA polymerase | (non-synonymous) and DNA ligase (non-synonymous)
(tables ST and S2). Although suggestive, at present we cannot confirm that these specific
changes are causally associated with increased mutation fixation. These results thus
indicate that mutant lineages become mutators, in addition to acquiring large genomic
deletions. Both factors likely contribute to their dramatic fitness reductions.

Discussion

Division of labor allows populations of individuals to more efficiently carry out functions
that are mutually incompatible (49, 50, 52). In microbes, division of labor can facilitate
biofilm formation (721, 124, 173), energy transfer (174), and coordinated metabolism (62,
166), among other behaviors. In some cases, division of labor leads to sub-populations
of cells that carry out functions that are lethal to themselves but that benefit the entire
colony (175). For example, colicin secretion in E. coli requires cell lysis (176), a fate limited
to a small fraction of cells with low reproductive value. By this process, the burden of
colicin-secretion is disproportionately borne by the cells with the least to lose in terms of
their own fitness (177, 178). We recently provided evidence for a similar phenomenon in
Streptomyces, whereby a sub-fraction of cells within a multicellular colony hyperproduces
antibiotics at the expense of their own reproduction, in part due to large and irreversible
deletions from their chromosome ends (766). The aim of the present work was to examine
the fate of these altruistic cells after their emergence. We found that although Streptomyces
cells hyper-producing antibiotics do not lyse, like E. coli colicin producers, they continue
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to accumulate large deletions and also evolve an increased mutation rate across their
genome. These effects, which lead to an “effective lethality’, suggest that these cells are
equivalent to the sterile worker castes in social insects (723).
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Our experimental approach was designed to approximate the natural growth and
development of Streptomyces that disperse via spores, such that each new colony
passes through a single-cell bottleneck. This resembled a classic mutation accumulation
experimental design, which has been widely used to examine fitness declines in microbes
due to the accumulation of deleterious mutations via Muller’s ratchet, a process in which
deleterious mutations accumulate irreversibly in a population lacking recombination
(179, 180). As in mutation accumulation experiments, our mutants lost fitness (42, 167);
however, their rate of decline was exceptionally rapid due to mutations of very large
effects via genome loss as well as point mutations. Results in Fig. 4B show a significant
negative relationship between the total genome size and CFU production, consistent with
studies performed in E. coli containing manipulated reduced genomes (787). Given the
679-1817 genes that are lost from these populations, it is not possible to know which
ones are responsible for the fitness reductions, either alone or in combination. In addition
to genome loss, we were surprised that mutant lineages, but not wild-type ones, have
an approximately 10-fold increased mutation rate, likely due to mutations in genes for
DNA replication and repair (168, 169). Mutations were found in several mutation classes
and are higher in both coding and non-coding regions, indicating broad and non-specific
mutagenesis. Decreased competitiveness, massively compromised CFU as cells pass
through single-spore bottlenecks, and the combined accumulation of large deletions and
an increased mutation burden, lead to synergistic declines in fitness that resembles a type
of mutational meltdown. First, ecologically deficient mutants develop a higher mutation
rate. Second, these lineages rapidly accumulate further deletions, which magnifies their
fitness reductions and causes an irreversible decrease in their effective population size,
ultimately leading to extinction. Although this process occurs within an organism over
a very short time period, this process closely resembles the idea of a classical mutational
meltdown, in which a small population going through Muller’s ratchet experiences
accelerating fitness declines caused by deleterious mutations (782).

Even though mutant lineages are deteriorating at a pace that far exceeds results from
other MA experiments, they don’t die immediately, as do E. coli colicin producers. Why
do antibiotic producing strains of Streptomyces die via mutational meltdown instead
of lysing? One possible cause of this difference may be the intrinsic differences in the
activity of antibiotics and colicins. Whereas the latter can act at very low concentrations,
e.g. via single-hit kinetics (176), antibiotics may require higher concentrations to provide
sufficient protection to large Streptomyces colonies. Antibiotics can also bind tightly to
abiotic substrates, potentially requiring higher levels of production within colonies (783).
These possibilities would necessitate continued survival and growth of producing cells,
thereby generating spatially clustered mutant sub-populations within colonies that
hyperproduce antibiotics, whereas sufficient toxin quantities could be produced by single
E. coli cells either dispersed randomly throughout the colony or on the colony edge facing
impending threats (7177, 178). A related issue that remains unresolved is the origin of
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mutant cells within growing colonies. Specifically, it remains unclear if low-level antibiotic

production somehow causes subsequent genome decay due to local toxicity, or if
stochastically damaged cells subsequently adopt a new fate to hyper-produce antibiotics.
At present, we are unable to fully address these issues and they remain important areas
for future study.

Altruistic behaviors can be explained by their indirect fitness benefits, whereby individuals
offset the loss of their own reproduction by increasing the reproduction of their relatives
(184). In multicellular bacteria, like streptomycetes, clonality, and therefore high
relatedness, among cells in the colony is ensured by their mode of filamentous growth
(51, 59). For this reason, division of labor with extreme specialization can evolve and lead
to the elaboration of multiple cell types. Streptomycetes are typically divided into two
functional classes of cells: spores and vegetative cells (7, 8). Our work supports the notion
that colonies can be further partitioned into at least one more cell type, those producing
antibiotics and that accumulate extreme and irreversible genetic damage leading to their
demise. We would predict similar diversification among other streptomycetes, as well as
the discovery of additional divisions of labor among other multicellular bacteria.

Materials and methods
Bacterial strains and cultural conditions

Strains used in this study all derived from Streptomyces coelicolor A3 (2) M145. Strains
were maintained and assayed at 30°C on soya flour mannitol media (SFM) containing 20
g mannitol, 20 g agar and 20 g soya flour per liter of water. Spores of S. coelicolor were
diluted and plated onto an SFM plate. To obtain initial isolates for mutation accumulation,
one random WT colony (designated as WT_____ ) was diluted and plated onto SFM agar.
One random WT and mutant colony were then picked and replated onto separate SFM
plates. Six random colonies were then chosen from each plate and designated as ancestors
for subsequent serial passage through single-colony transfer, for a total of 12 lineages
(6 WT and 6 mutants). During each transfer, a single colony from each lineage growing
closest to a randomly placed spot on the back of the plate was chosen and streaked onto
another SFM plate. This procedure was repeated every 3-4 days for 25 transfer cycles (Fig
1A). Transferred lineages were archived by creating a full lawn from the transferred colony,
after which spores were harvested after ~ 7 days of growth and sporulation as previously
described (749). All stocks were maintained at -20°C.

Competition assay

We estimated the fitness of two mutant (M1 and M5) and one WT lineages (W1) from
TO, following the protocol in (7166). TO strains were marked with apramycin resistance
and the WT ancestor was marked with hygromycin B resistance, by using integrating
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plasmids pSET152 and plJ82, respectively. After diluting strains to 10° CFU ml™, they were
mixed with the reciprocally marked WT ancestor at different initial frequencies. 100 pl of
each mixture was plated onto 25 ml SFM agar plates and incubated at 30°C for 5 days.
At the same time, each mixture was serially diluted and plated onto SFM agar plates
containing either apramycin (50 ug ml™") or hygromycin B (50 pg ml"') to obtain precise
estimates of initial frequencies. After 5 days, each plate was harvested in H,0 and passed
through an 18-gauge syringe plugged with cotton wool to remove mycelial fragments
and resuspended in 1 ml 20% glycerol. Each sample was then serially diluted onto plates
containing either antibiotic to calculate final frequencies.

Estimating antibiotic resistance

To estimate changes to antibiotic resistance, minimal inhibitory concentration (MIC) was
determined forall strains by spot dilution onto large SFM agar plates (150 x 20 mm, Sarstedt,
Germany) supplemented with different antibiotic concentrations. Drug concentrations
ranged from 2 to 32 ug ml' (chloramphenicol, oxytetracycline and ciprofloxacin) and 1 to
16 ug ml?' (streptomycin). Plates were inoculated using a 96-pin replicator from master
96-well plates containing ~ 107 spores ml™'. Approximately 1 pl from this stock was applied
to each plate; the replicator was flame sterilized between each transfer to ensure that no
cells or antibiotics were transferred between assay plates. The plates were incubated for
4 days at 30°C and then imaged and scored for growth. The MIC was determined as the
drug concentration where no growth was visible after 4 days (n = 3 per strain per drug
concentration).

Auxotrophy assay

To test for auxotrophy, strains were grown on minimal media (MM) containing per liter0.5g
asparagine, 0.5 g K,HPO,, 0.2 g MgSO,-7H,0, 0.01 g FeSO,-H,0 and 10 g agar, supplied with
either 0.5% mannitol or 0.5% mannitol plus 0.0079% arginine. Bacteria were spotted onto
plates using a pin-replicator, as for MIC assays, and grown for 4 days at 30°C. Auxotrophy
was detected by comparing growth of colonies on plates with or without supplemented
arginine (n = 3 per strain).

CFU estimation

We used CFU to estimate the fitness of strains from each lineage. For each strain, 10°
spores were plated onto SFM as a confluent lawn. After 5 days of growth, spores were
harvested by adding 10 mI H,O to the plates, gently scraping the plate surface to create a
spore suspension, and then filtering the liquid through an 18-gauge syringe with cotton
wool to remove mycelia. After centrifugation, spore stocks were resuspended in 1 ml 20%
glycerol and then serially diluted onto SFM to calculate the total CFU for each strain (n =3
per strain, except n = 2 for M1 at T19).
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Whole-genome sequencing

Strains were sequenced using two approaches. Long reads sequencing (PacBio, USA) was
performed as previously reported (766). Short reads sequencing (BGISEQ-500) was done
using the following protocol. DNA was extracted after growth in liquid TSBS : YEME (1:1
v:v) supplemented with 0.5% glycine and 5 mM MgCl,. Approximately 10° spores were
inoculated in 25 ml and incubated at 30°C with a shaking speed of 200 rpm for 12-48
hours. TSBS contains 30 g tryptic soya broth powder and 100 g sucrose per liter and YEME
contains 3 g yeast extract, 5 g peptone, 3 g malt extract, 10 g glucose and 340 g sucrose per
liter. DNA was extracted using phenol/chloroform (749). Visible cell pellets were washed
with 10.3% sucrose solution after centrifugation. Pellets were resuspended in 300 ul GTE
buffer, containing 50 mM glucose, 10 mM EDTA, 20 mM Tris-HCl, pH 7.5 and 4 mg ml
lysozyme and incubated at 37°C for 1 hour. Then 300 pl 2M NaCl was added and gently
inverted ten times, followed by the addition of 500 ul phenol/chloroform (bottom layer).
After mixing, each tube was centrifuged for 5min and the upper layer was transferred
to a new tube. This procedure was repeated at least twice until the intermediate layer
was almost invisible. The final transferred upper layer was mixed with a same volume of
2-proponol, and centrifugated for 10 min. Liquid in the supernatant was discarded and
pellets were dried at room temperature before being dissolved in 200 ul Milli-Q H,O.
After adding 1 pl RNase, the DNA was resuspended at 37°C for 1 hour. Phenol/chloroform
washing and DNA precipitation was repeated once to remove the RNase. After adding
phenol/chloroform, the upper layer was transferred to a new tube, and then mixed with
16 ul 3M pH 5.2 NaCH,COO and 400 pl 96% ethanol. This mixture was cooled at -20°C for 1
hour and centrifuged for 10 min to obtain the DNA pellets. Pellets were washed with pre-
cooled 96% ethanol and dried at room temperature. DNA was dissolved in Milli-Q H,O and
sent for commercial sequencing at BGI (Hong Kong).

Sequencing processing

The raw data of PacBio sequencing was processed as outlined in Zhang et al. (2020) (166)
and genome length was evaluated based on these results. The BGISEQ-500 data was
handled using CLC Genomics Workbench (QIAGEN, v 8.5.4). Filtered raw reads were first
imported and mapped to the reference genome NC_003888.3 (35) through the “NGS
core”- “Map to the reference” function. Variants were then called by using “Basic variant
detection” function, with the filter parameters set to minimum coverage as 5, minimum
count as 2 and minimum frequency as 50%. Variants were identified by comparing
lineages to their corresponding parental strain by applying the “Resequencing analysis”
- “Compare Variants” - “Compare Sample Variant Tracks” option. By using the annotation
information in the GenBank file, final variants were then annotated by applying the “Track
tools” - “Annotate with overlap information” option, and amino acid changes were added
to the variant track by “Resequencing analysis”- “Functional consequences” - “Amino
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acid changes” option. Final results were exported as excel sheets and variants in genes
that were not detected in PacBio sequencing were removed before performing further
analyses.

Statistical analyses

All statistical analyses were performed in R (v 3.6.2). Welch’s t test was used to test the
difference of CFU production across the course of the experiment. One-sample Wilcoxon
signed-rank test was used to test if the CFU changed after serial transfer while Wilcoxon
rank-sum test (Mann-Whitney U test) was used to compare the difference between WT
and mutant lineages. All tests are two-sided.
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Chapter 5
Abstract

Filamentous bacteria from the genus Streptomyces are an important source of antibiotics.
Previous work has demonstrated that antibiotic production in these bacteria is organized
by a division of labor in which a small fraction of cells reduces its own fitness to produce
costly antibiotics that benefit the whole colony. However, little is known about the
molecular and cellular mechanisms that underlie these phenotypic changes. In this
study, we combine proteomics and metabolomics approaches to begin to identify the
mechanistic basis of these altruistic traits in mutant strains. We first confirm that mutants
have increased antibacterial activity and production and decreased fitness compared to
their parental wild-type. Second, we find that proteins from several secondary metabolite
biosynthetic gene clusters, including those foractinorhodin, calcium-dependent antibiotic
and coelimycin P1, are upregulated in mutants with higher antibacterial activity. Finally,
we show that many proteins in pathways that coordinate Streptomyces development and
sporulation are significantly downregulated in mutants with reduced fitness. These results
uncover mechanistic targets driving the trade-off between secondary metabolism and
fitness in these multicellular bacteria. They also provide insights into the cellular basis for
the division of labor in this species.
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Introduction

Streptomycetes are multicellular filamentous soil bacteria with a complex life cycle.
Beginning from a germinating spore, bacteria grow by tip extension into the surrounding
medium via connected multi-chromosomal compartments known as a vegetative
mycelium. When resources are exhausted, the vegetative mycelium undergoes a
transition that leads to the formation of aerial structures containing millions of uni-
genomic spores (7-9). Concurrently, the colony produces specialized metabolites like
antibiotics or antifungal agents (9, 10, 12). Development and antibiotic production have
been extensively studied and this work has uncovered many key genes that regulate these
phenotypes, including the crucial bld and whi genes that are involved in aerial growth
and sporulation, respectively (8, 171, 185-187), and biosynthetic gene clusters (BGCs) for
four well-known antibiotics produced by Streptomyces coelicolor, namely actinorhodin,
coelimycin P1, calcium dependent antibiotic (CDA) and prodiginines (73, 745). However,
one particularly intriguing aspect of development and antibiotic secretion has eluded
understanding. Since the 1960s (217), several research groups have recognized that a high
frequency of spores from Streptomyces colonies have aberrant primary and secondary
metabolism, and further that these phenotypes are associated with large deletions at the
ends of the Streptomyces linear chromosome (22, 25-32). Although the size and frequency
of these genome changes have been well characterized, the mechanisms underlying the
phenotypic and evolutionary consequences of these deletions remain poorly understood.

We recently sought to address these issues in S. coelicolor. We first demonstrated that
mutant strains arising as a consequence of genome deletions have dramatically decreased
fitness, manifest as a significant reduction in spore numbers, as well as significantly
increased and diversified antibiotic production (766). We next showed that this trade-
off allows colonies to benefit from a type of division of labor for antibiotic production
that maximizes the efficiency of both antibiotic and spore production. In analogy with
sterile workers in social insect colonies, mutant cells suffer continued genomic decay
and eventual extinction after having produced antibiotics. These results highlighted the
evolutionary importance of genomic instability for S. coelicolor and potentially other
streptomycetes yet left unclear the molecular details underlying the altered phenotypes
of these mutant strains.

To address these issues, we used mass spectrometry-based approaches to study proteomic
and metabolomic changes in mutant cells. By combining omics data with phenotypic
assays, we find that large chromosomal deletions: (i) lead to the upregulation of antibiotic
biosynthesis proteins which result in antibiotic overproduction; and (ii) lead to the
downregulation of well-known developmental proteins involved in both aerial growth
and sporulation, possibly contributing to the dramatically reduced fitness of mutant
strains. Our results provide key insights into the mechanisms of the negative phenotypic

63

5




Chapter 5

correlation between Streptomyces development and antibiotic secretion and the division
of labor coordinating antibiotic production in this species.

Results

Strains with spontaneous genomic rearrangements show increased
antibacterial activity and decreased fitness

We selected five fully sequenced mutant strains from an earlier study (766), each
containing different sized genomic rearrangements (Fig. 1A); two of these strains contain
large genomic deletions that lead to arginine auxotrophy. We measured colony forming
units (CFU) and antibiotic activity on SFM agar by spotting colonies on a cellophane disc,
to mirror conditions used for the omics analyses below. Consistent with earlier results from
assays carried out on agar without cellophane, these experiments revealed significant
increases in antibacterial activity and significant reductions in CFU production (Fig. 1B),
with a pronounced negative correlation between these traits (fig. S1.F, ,= 14.74,r*=0.787,
P=0.018).

Proteome and metabolome levels vary in different strains

To study the effects of genomic rearrangements on the global expression profiles of
proteins and secondary metabolites, we applied liquid chromatography (LC)-MS/MS-
based proteomics and metabolomics. Proteomic analyses identified on average 1435
proteins (ranging from 1165 to 1648) in eighteen samples (6 strains x 3 replicates); replicate
samples are highly correlated, confirming the reproducibility of these measurements (fig.
S2). Principal component analysis (PCA) of both proteomics and metabolomics results
indicate a partitioning into three mutant classes, each distinct from the WT (Fig. 2). These
results indicate that the proteomes and secondary metabolomes of these strains have
been altered due to genomic rearrangements, consistent with the phenotypic results in
Fig. 1.

Proteins affecting antibiotic production in mutant strains

PCA score plots (Fig. 2) show excellent correlations between samples without taking
phenotypic results (antibacterial activity and CFU production) into consideration. To
identify specific proteins that are associated with antibiotic production, we used a
PLS approach (partial least squares/projection to latent structures) which examines
the correlation between proteomics profiles and the halo size, indicative of antibiotic
production, of each strain. As with the PCA score plot of the proteomics experiments (Fig.
2A), different strains from three classes are distinctly partitioned from each other and
from the WT, as shown in the PLS score plot (R>= 0.97) (Fig. 3A). To assess which proteins
contribute to increased antibacterial activity, we used a variance importance in projection
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Fig. 1. Overview of the six strains used in this study. Traits shown include (A) genomic
organization and the category different strains belong to, (B) antibacterial activity
represented by zone of inhibition against B. subtilis (left) and fitness represented by
CFU production (right). Values are shown as mean + SEM. Letters indicate the statistical
difference clarified by one-way ANOVA followed by Tukey’s tests (P < 0.05).

(VIP) plot. High VIP values indicate a larger contribution of that protein to the overall
PLS model. Proteins with a VIP>1.4 were ranked by their regression coefficient (table S1
and S2), which reveals that proteins encoded by the BGCs for actinorhodin, coelimycin
P1 and CDA, are upregulated in mutant strains and positively correlated with their
antibacterial activity (Fig. 3B). Fig. 3C details expression levels of the proteins involved in
all four antibiotic biosynthesis pathways compared to the WT strain. These results indicate
that, with the exception of prodiginines, most proteins in these BGCs are upregulated in
mutants, while none of the proteins in these pathways are downregulated.
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Because upregulated BGCs in proteomes perfectly predict increased production of their
corresponding compounds (747), our proteomics data suggest that mutant strains will
produce more antibiotics in terms of quantity and diversity versus the WT. To confirm
this prediction, we analyzed metabolomics data to investigate the quantity of the
antibiotics indicated above based on their MS information. This revealed that three
mutants produced significantly more actinorhodin compared to WT (two-sample t tests,
all Bonferroni adjusted P < 0.05) while no significant difference in undecylprodigiosin
production was observed (Fig. 3D and fig. S3), consistent with the proteomics results (Fig.
3B and Q). Although we were unable to identify coelimycin P1 and CDA in our extraction
and testing conditions, possibly due to the low yield in our extraction method, further
experiments revealed that strains have an increased halo size against B. subtilis in calcium-
supplemented media. This supports the idea that elevated levels of CDA are present in
the mutant strains (fig. S4), consistent with the increased expression of proteins in this
biosynthetic pathway. These data demonstrate that the increased killing by mutant
colonies is caused by the upregulation of proteins underlying production of several
different antibiotics.

Downregulation of developmental proteins are linked to the fitness
decline

Following the same PLS approach as above, we next sought to identify proteins whose
expression changes correlated with CFU. We first confirmed that strains were partitioned
from each other and from the WT (R?=0.99), as shown in Fig. 4A. Next, we ranked
proteins with high VIP (VIP>1.4) based on their regression coefficients (Fig. 4B; table S3
and S4), which reveals that several proteins essential for development, cell division and
sporulation strongly correlate with reduced fitness and are significantly downregulated
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Fig. 4. Decreased fitness correlates to downregulation of developmental proteins.
(A) PLS score plot based on proteomics data. (B) V-plot of VIP and regression coefficient.
(C) Log, (fold change) of proteins in mutants compared to WT. Asterisks indicate the
significance according to one-sample t tests (P < 0.05).

in mutant strains (Fig. 4C). This also reveals a clear negative correlation between CFU
and the expression of antibiotic biosynthetic gene clusters, consistent with a trade-off
between these functions (Fig. 4B). Key downregulated developmental proteins include
gene products of the bld genes that regulate the transition to aerial growth, the dcw
gene cluster that coordinates cell wall formation and cell division, and the whi genes
that are required for sporulation. Mutations in these pathways have significant negative
impacts on Streptomyces fitness (8, 111, 188-193), suggesting that the downregulation
we observe here is likely causally related to decreased CFU. In addition to these proteins,
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we also examined the expression of proteins involved in different developmental stages
in Streptomyces (9), including ParAB, that regulate DNA condensation and segregation
(194-196), Ssg proteins that control cell division (197, 198), DasR that globally regulates
development and antibiotic production (709), and proteins that are related to formation
of the surface layers that envelope aerial structures including SapB (199-202), chaplins
(203, 204) and rodlins (205, 206) (Fig. 4C). We futher observed a pronounced reduction
in SCO7036 (ArgG) (table S4), as expected given that two strains (2H1l and 9H1A) are
arginine auxotrophs, owing to deletions in this region of the genome (772). Interestingly,
we find that proteins from the arginine and pyrimidine biosynthesis clusters negatively
correlate with fitness (table S4), indicating that changes in primary metabolism can also
be a vital factor in influencing the fitness of mutant strains (742). Taken together, these
data demonstrate the connection between these developmental proteins and fitness
differences of different strains.

Discussion

We previously showed that genomic rearrangements occur frequently in S. coelicolor
and that these changes reduce fitness while increasing antibacterial activity. This inverse
correlation leads to a division of labor within the colony, whereby some cells produce
spores while others produce antibiotics, but bear the costs of doing so. In this study, we
sought to understand the causes of this trade-off by integrating phenotypic and omics
data, based on expressed proteins and metabolites. We have found that the upregulation
of proteinsin antibiotic biosynthesis clusters directly contributes to enhanced antibacterial
activity, which is reflected in the overproduction of antibiotics. Although we only detected
actinorhodin and undecylprodigiosin in our extracts, we found significant upregulation of
CDA and coelimycin P1 clusters at proteomic level, suggesting that this division of labor
involves a combination of antibiotics that can suppress different competing bacteria.
This combination of antibiotics is likely to be active against different species by targeting
different essential functions in diverse species. Because genomic rearrangements occur
spontaneously, leading to a variety of genome sizes that each have different effects, it
is possible that these behaviors can also be considered a bet-hedging strategy that
Streptomyces uses to overcome rapidly fluctuating biotic threats.

This study, and our previous work, indicated that increased production of antibiotics is
coupled to a decrease in fitness. More specifically, the number of spores was reduced
up to 1000-fold. Morphological development has been studied for decades, and the
formation of aerial hyphae and spores depend, amongst others, on the classical bld and
whigenes, respectively (8, 111, 129, 207). Here we find that the levels of BlIdM and WhiH are
reduced in mutants with low fitness. BIdM is an atypical response regulator that is crucial
for the formation of aerial hyphae (208, 209). Notably, BIdM is one of the last proteins
that is formed in the developmental bld cascade, while BIdKE, which is also reduced, is
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known as an early stage regulator (207). Taken together, these suggest that genomic
rearrangements have global effects on both early and late development stages.

Trade-offsin microbes can be mediated by mutationsin genes, often global regulators, that
have pleiotropic effects on different traits. For example, mutations in transporters or efflux
pumps can simultaneously affect resource uptake and antibioticimportand export (270). It
was therefore surprising that in Streptomyces, the trade-off between fitness and antibiotic
production can be explained by gross, and apparently random, genomic deletions. The
linear chromosome of Streptomyces consists of a core region containing essential genes
that are conserved across species, and two so-called “dispensable” arms that contain a
diverse set of genes, both within and across species (34, 35). Our results challenge the
assumption that these genomic regions are non-essential. Although their deletions are
not lethal, they significantly impact several key phenotypes, including sporulation and
the regulation of secondary metabolites. The massive size of these deletions suggests
that it will be challenging to identify the causal factors leading to increased antibiotic
production and reduced fitness. Do deletions lead to developmental stress that, in turn,
causes the overproduction of antibiotics, if both functions are coordinated by general
stress responses? Or is it the reverse, that deletions lead to the derepression of antibiotics,
and that metabolic constraints imposed by secondary metabolites compromise
development? At present this remains unclear. However, in either case, our study proves
that proteomics is a powerful tool to identify causal factors that underlie these trade-offs.
Similar methods, and their integration with other omics approaches, offer potential to
extend studies to a wide range of Streptomyces species, in the lab and in nature, to test if
proteins tied to trade-offs that arise from deletions are conserved.

Our results will help to identify mechanisms driving the trade-off between antibiotics and
fitness. They also lead to questions regarding the mechanisms of division of labor in these
bacteria. Deletions appear to arise stochastically, possibly as a by-product of programmed
celldeath.Butthey mayalsoariseviaaregulated processthatisresponsivetoenvironmental
cues. For example, colonies may increase the proportion of cells containing deletions if
there are more competing bacteria nearby, requiring an antibiotic “cocktail’, while this
fraction could decline in the absence of competition. Similar adjustments of division of
labor are seen in social insects (723). Characterizing the plasticity of division of labor in
Streptomyces remains an important aim for future work. However, what is already clear
is that the irreversibility of these deletions, together with their large and progressively
negative impacts, implies that this division of labor is established independently in each
colony.

Genomic deletions occur universally in many streptomycetes with linear chromosomes
(20, 33, 134, 136, 170, 211). Some authors have suggested that linear chromosomes
may be more mutable, although this has been disputed (272-274). It may also be that
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chromosome linearity creates recombination hotspots at chromosome ends that causes
increased variation in these regions. If high variability is coupled to intrinsic instability, this
would serve to maximize within colony phenotypic heterogeneity. In the present case,
and perhaps in all Streptomyces, the result is a division of labor that is favored by a strong
functional trade-off between secondary metabolism and development that is evident
phenotypically and in terms of protein and metabolite expression.

Materials and methods
Bacterial strains and culturing conditions

Strains used in this chapter are from previous study and are stored in 20% glycerol at
-80°C. During culturing, all strains were diluted to 10’ CFU ml'. We then plated 1ul onto
the SFM agar covered with a piece of sterile cellophane. SFM agar contains 20 g mannitol,
20 g agar and 20 g soya flour per liter of water. Bacteria were cultivated at 30 °C.

CFU estimation

Colonies grown on cellophane were harvested after 5 days by aliquoting 5 ml Milli-Q
water onto the cellophane surface followed by gently scaping all the spores. The 5 ml
water was then filtered through a cotton-plugged syringe to remove mycelial fragments.
CFU were estimated by plating serial dilutions.

Antibacterial activity assay

Overlay soft agar was prepared by adding 300 pl freshly grown B. subtilis (OD,,=0.4-0.6)
to 5 ml soft LB media containing 0.7% agar, 1% tryptone, 0.5% yeast extract and 1% NaCl.
For testing the effects of calcium ions in antibacterial activity, 20 mM calcium nitrate
was added to the soft agar (215). Each plate was overlaid with 5 ml soft agar on top and
incubated at 30 °C overnight. Pictures were taken and the sizes of the zone of inhibition
were measured using ImageJ.

Extraction of the proteome

At the time of protein extraction, all mycelia were scraped from cellophane disc and put
into 2 ml Eppendorf tubes containing metal beads. Tubes were snap frozen in liquid
nitrogen and the proteins were extracted and processed as described before (166). Briefly,
frozen mycelium was disrupted using Tissuelyser Il (QIAGEN, Germany) and then dissolved
in disrupting buffer (4% SDS, 0.06 M DTT, 100 mM Tris-HCl pH 7.6, 50 mM EDTA). Cell debris
was then removed by centrifugation, and proteins were precipitated using chloroform-
methanol method (757). Protein pellets were then dissolved in RapiGest SF surfactant
(Waters), reduced using DTT, and treated with iodoacetamide. Trypsin (recombinant,
proteomics grade, Roche) was then added to digest the proteins. RapiGest SF surfactant
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was then degraded by acidification. Resulted peptide solution was then desalted using
STAGE-Tips as described by Rappsilber et al. (216). LC-MS/MS measurement was performed
using nanoACQUITY UPLC system (Waters) connected in line with Synapt G2-Si HDMS
mass spectrometer (Waters) using an UDMSE method set up as described previously (7154,
166).

Quantification of proteomics

Identification and quantification of the proteins was done as described previously
(166). Briefly, raw data from all samples were first analysed using the vender software
ProteinLynx Global SERVER (PLGS) version 3.0.3. Default protein identification workflow
with an additional variable modification, acetyl in N-terminal, was used. Reference protein
database was downloaded from GenBank with the accession number NC_003888.3. The
resulted dataset was imported to ISOQuant version 1.8 for label-free quantification (754).
TOP3 quantification was filtered to remove identifications meet these two criteria: 1.
identified in lower than 70% of samples of each strain and 2. sum of TOP3 value less than
1 x 10°. Cleaned quantification data was further subjected to DESeq2 package (version
1.22.2) (217) for variance stabilizing transformation (vst) and PCA was conducted using
the normalized data.

Extraction of metabolites

The agar with mycelia was cut into small pieces and extracted with ethyl acetate (or
methanol) by soaking in the solvent overnight at room temperature. The extracts were
washed twice with 30 ml of water and then dried in a fume hood at room temperature for
24 h until further analyses.

Liquid chromatography tandem-mass spectrometery (LC-MS/MS)

LC-MS/MS acquisition was performed using Shimadzu Nexera X2 UHPLC system, coupled
to Shimadzu 9030 QTOF mass spectrometer, equipped with a standard ESI source unit,
in which a calibrant delivery system (CDS) is installed. The dry extracts were dissolved in
90% methanol to a final concentration of 1 mg ml™, and 2 pL were injected into a Waters
ACQUITY HSS C18 column (1.8 um, 100 A, 2.1 x 100 mm). The column was maintained at
30°C, and run at a flow rate of 0.5 ml min™, using 0.1% formic acid in H,O as solvent A, and
0.1% formic acid in acetonitrile as solvent B. A gradient was employed for chromatographic
separation starting at 5% B for 1 min, then 5 - 85% B for 9 min, 85 — 100% B for 1 min, and
finally held at 100% B for 4 min. The column was re-equilibrated to 5% B for 3 min before
the next run was started. The LC flow was switched to the waste the first 0.5 min, then to
the MS for 13.5 min, then back to the waste to the end of the run.

All the samples were analyzed in positive (negative) polarity, using data dependent
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acquisition mode. In this regard, full scan MS spectra (m/z 100 - 2000, scan rate 20 Hz) were
followed by three data dependent MS/MS spectra (m/z 100 — 2000, scan rate 20 Hz) for the
three most intense ions per scan. The ions were selected when they reach an intensity
threshold of 1000, isolated at the tuning file Q1 resolution, fragmented using collision
induced dissociation (CID) with collision energy ramp (CE 20 — 50 eV), and excluded for
0.05 s (one MS scan) before being re-selected for fragmentation.

Multivariate and statistical analyses

Multivariate analyses (PCA and PLS) were done by using scikit-learn (version 0.22) package
in Python (version 3.76) following the instruction on the website. Partial least squares/
projection to latent structures (PLS) regression is applied to investigate proteins relevant
to a corresponding phenotypic traits (antibacterial activity or fitness).

All other statistical analyses were performed in R (v 3.6.2). Shapiro-Wilk test was performed
to confirm the normal distribution of data in the same group and Bartlett’s test was
performed to assess the equality of variances between groups. ANOVA was performed
followed by a Tukey’s honestly significant difference (HSD) post hoc test. Two-sample
Student’s t test or Welch's t test was performed to compare the difference between groups.

Proteome data availability

The proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD014413 and 10.6019/PXD014413
(160, 161).
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enomic instability in streptomycetes has been recognized for decades and has

puzzled scientists since its discovery. Initial studies mainly focused on explaining

the phenotypic traits it influences (17, 20, 134-136, 170, 218, 219), its rate in
different species (17, 20, 134-136, 218), the reagents that affect it (77, 24, 133, 135, 218)
and the patterns of chromosomal rearrangements (20, 33, 134-136, 170, 211, 219-221).
Despite this, little research has been done to understand the ecological and evolutionary
function of genomic instability in Streptomyces. In this thesis, | examined the role of
genomic instability by interpreting it as a division of labor, in which the population
redirects the cost of antibiotics to a minor proportion of cells through terminal genomic
rearrangements, thus maintaining the overall fitness of the colony while maintaining
high levels of antibiotic production. Furthermore, | investigated the fate of these
altruistic mutant cells after their emergence and find that there is a process analogous
to a mutational melt-down occurring through the accumulation of both point mutations
and large genomic deletions. This leads to a rapid reduction of fitness in mutants and
provides the potential to flexibly adjust caste ratios in reaction to environmental changes.
To understand the molecular mechanisms that cause the trade-off between fitness and
antibiotic production, | used a proteomics approach to identify both global and specific
changes in protein abundance underlying the altered fitness and antibiotic secretion in
response to genomic rearrangements (Fig. 1).

Division of labor in Streptomyces

Like in human society (222), division of labor (Dol) is important for the coordination of
complex biological systems. In microorganisms, DoL allows specialized tasks to be carried
out more efficiently by collaboration and coordination between different cell types (49,
50). For example, Bacillus subtilis promotes migration through the labor divided between
surfactin-producing and matrix-producing cells. Some cells produce surfactin to reduce
friction, which allows matrix-producing cells to form Van Gogh Bundles to migrate
(127). During infection, pathogenic yeast, Cryptococcus gattii divides a subpopulation
of cells to produce tubular mitochondria in response to host reactive oxygen species.
This subpopulation can protect the rest of the cells in macrophages in helping them
to proliferate intracellularly (223). These examples from species in various taxa suggest
that Dol is a vital strategy in the evolution of microorganisms, which may have been
instrumental in the evolution of multicellular life.

Multicellularity in Streptomyces has been considered as a canonical example of Dol given
that these bacteriaform germ cells (aerial mycelia and spores) and somatic cells (vegetative
mycelia) (57, 59). Dispersed spores germinate and form vegetative mycelia that forage for
nutrients to support growth. Later on, when nutrients are depleted, aerial mycelia will
form and produce chains of spores that eventually give rise to another cycle of life (7,
8). During this transition, secondary metabolites including antibiotics are produced by
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vegetative mycelia for the benefit of the whole colony (70). In addition to this example of
Dol, our results in Chapter 3 highlight a new type of Dol for antibiotic production. In our
scenario of DoL, a proportion of cells in a colony undergoes genomic rearrangements that
terminally differentiate into a “sterile caste” specializing in diverse antibiotic production
at the cost of fitness. Overall, the colony benefits from the sacrifice of this proportion of
“sterilized” cells and gains advantages in competition with other bacterial species. This
is comparable to classical Dol between sterile helpers and reproductive castes in social
insects (723). Because mutant helpers in Streptomyces are derived from the WT through
genomic rearrangements, the genetic information in mutants is also present in WT,
meaning the fitness interests between these two types of cells are well aligned. Following
Hamilton’s rule (224-226), this high relatedness would allow the maintenance of altruistic
traits in mutants, thus leading to the Dol in antibiotic production.

Generate mutants

contain rearranged -Overexpression of proteins
genomes in biosynthetic gene clusters
(BGCs)

-Underexpression of
developmental proteins

-Increased antibiotic production
-Decreased fitness

accumulation

Mutation l
condition

-Further genomic deletions
-High mutation rates

v

Further decreased fithess

Fig. 1. Schematic summary of this thesis. Streptomyces generates mutants containing
genomic rearrangements at a high frequency. Mutants produce increased antibiotics at
a cost of reduced fitness due to the expression changes in relevant proteins. Under the
mutation accumulation condition where natural selection is minimized, mutant cells will
continuously accumulate genomic deletions leading to further decreased fitness. Gray
colored spores and hyphae contain the intact wild-type genome. Blue and red colored
spores and hyphae contain the genome with various degrees of rearrangements.
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Phenotypic variation, as a prerequisite for DoL, can be achieved at both genetic and
nongenetic levels (227). Among many Dol examples in a single species, nongenetic
variation is frequently used as a mechanism to create phenotypic variation (50). However
geneticvariation including changes in DNA sequences and epigeneticinheritance can also
happen in a population derived from isogenic parents (58, 228, 229). In known microbial
Dol examples, it appears that most genetic changes in DNA sequences are attributable
to point mutations. It is however not common to observe phenotypic variation generated
by massive genomic rearrangements as in Streptomyces. Our finding is specifically
compelling from this perspective, because it has been argued that phenotypic variation
caused by genetic changes would not be favored in most conditions due to a high chance
of being invaded by cheaters caused by reduced relatedness. | believe the DoL shown in
Chapter 3 is favored because of two relevant reasons. Firstly, the mutant genomes are
highly related to the wild-type genome to support kin selection. Secondly, because the
filamentous nature of Streptomyces makes cells physically connected to each other, it also
makes invasion of cheaters difficult to occur. Evidence of DoL in filamentous cyanobacteria
and cable bacteria where cells are also physically connected suggests this might play an
important role in maintaining a stable Dol (62, 174). Further studies in testing whether
Dol is more widespread in physically connected bacteria will help to understand the role
of the second factor.

Another interesting aspect of this type of DolL concerns whether the genomic
rearrangements are a cause or a consequence of the emergence of altruistic helpers. |
hypothesize that the emergence of mutant cells within the mycelium is a stochastic
process: during colony development, some cells are prone to genomic damage, leading to
mutants that consequently produce antibiotics rather than reproduce. Similar outcomes
are observed in some green algae, such as Volvox carteri in which cell sizes correlate with
the tasks they perform for the colony: cells larger than 8 um specialize at reproduction and
growth while smaller cells specialize at locomotion, constructing a classical germ-soma
Dol (230, 231). These smaller somatic cells, interestingly, undergo programmed death
which is comparable to altruistic mutants in Streptomyces (232, 233). Studies have shown
that larger germ cells and smaller somatic cells are more efficient at performing their local
tasks (234), respectively, supporting the idea that fitness return in various cell types is
a key factor in determining the tasks they perform. However, cell differentiation seems
to be regulated and programmed in volvocine algae. Future studies on elaborating our
hypothesis about Streptomyces Dol will benefit from comparing it to research in Volvox.
Many follow-up questions can be asked: is this type of DoL genomically encoded? Is it an
evolutionarily stable strategy? Can conditions alter the ratio between altruistic mutant
helpers and WT reproducers as in some other species? These require more research in
the future and are fundamentally important for both the Streptomyces and microbial
evolution fields.

78



General discussion

| have demonstrated that producing antibiotics is a costly activity that dramatically
trades off with fitness, meaning that cooperative cell types are likely favored to exist. An
extreme example of this type of mutually incompatible tasks would be nitrogen fixation
and photosynthesis in some cyanobacteria (99). Our findings help to understand the
ecological functions of antibiotics produced by Streptomyces, which possibly explain why
cryptic antibiotics, that are predicted in genome but not produced in lab conditions, exist
in many Streptomyces species (145, 235). From an application perspective, knowing that
producing antibiotics is costly also raises a new idea about how to find new antibiotics
from“old” Streptomyces. Future studies focusing on testing whether similar DoL are present
in other Streptomyces would be helpful to prove if Dol in antibiotic production mediated
by genomic rearrangements is a common rule that can be applied in many Streptomyces.
And if so, then it could possibility lead to novel solutions to elicit new antibiotics.

Mutational meltdown due to massive genomic deletions

From a mechanistic perspective, it is impressive to observe that overproduction of
antibiotics is directly linked to genomic rearrangements, specifically large deletions
located at the ends of the genome. Older studies have focused on elaborating the pattern
of genomic changes rather than focusing on their impacts on cells. In Chapter 4, | studied
how large genomic deletions influence the evolution of these sterile mutants and what
their fate will be over time. In our experimental set-up, we simulated the spore-to-spore
transfer which maximizes genetic drift while natural selection is minimized. This is very
similar to a mutation accumulation experiment which also allows us to estimate the
mutation rates of different lineages.

In our experimental condition, cells were transferred through single cell bottlenecks,
leading to a small population size. Considering that Streptomyces propagate asexually,
this allows us to see the effect of Muller’s ratchet, a process in which deleterious mutations
accumulate irreversibly in a population lacking recombination (779, 180). This will further
lead to mutation accumulation in all lineages. We observed the meltdown in mutant
lineages but not WT ones over a period of 25 transfers. First, mutants had a higher
base-substitution mutation rate and smaller effective population size, explaining why a
mutational meltdown (782) is likely to happen more rapidly in mutants compared to WT
lineages. Second, lineages with terminal deletions quickly accumulate further deletions
which in turn decrease the fitness and thus reduce the effective population size. These two
effects together cause mutants in S. coelicolor to undergo an irreversible and accelerating
mutational meltdown (Fig. 2). This fits the idea of a classical mutational meltdown, in
which a small population going through Muller’s ratchet experience accelerating fitness
declines caused by deleterious mutations (782).
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Fig. 2. Mutational meltdown in Streptomyces coelicolor. Genomic deletions result in
a higher base-substitution mutation rate and lower fitness. The latter subsequently leads
to a smaller effective population size. According to Drake’s rule (*) (236) and drift-barrier
hypothesis (1) (237-239) respectively, these genomic deletions and the smaller effective
population size will lead to a higher base-substitution mutation rate. Taken together, these
summarize a mutational meltdown in S. coelicolor.

Proteomic level changes due to genomic rearrangements

Chapter 5 demonstrates that genomic rearrangements increase the expression of
proteins from antibiotic biosynthetic gene clusters (BGCs) and decrease the expression
of many developmental proteins, which is consistent with the trade-off we observed
in our studies. The fact that different sized genomic rearrangements result in similar
proteomic changes in these proteins is intriguing, because it brings up new questions
about how large genomic rearrangements affect protein expression. Future studies on
finding the quantitative connections between omics data by using mutants with strictly
controlled levels of genomic rearrangements will be important in elaborating the genetic
network underlying phenotypic changes to spore and antibiotic production. This may
be challenging because classical molecular studies in explaining gene networks requires
precise knock-out strains. However, as we have observed that mutants with diverse
genomic rearrangements universally behave similarly, studies using omics approaches
can provide a good beginning in providing directions for further detailed studies.
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Genomic instability and adaptation

Genomic instability exists in a wide range of Streptomyces species. For the first time,
this thesis explains what the evolutionary function of genomic instability is by linking
it to a DoL. However this does not exclude the possibility that genomic instability can
play other roles in the evolution of Streptomyces. For instance, some filamentous
actinomycetes have the ability to extrude specialized cells in hyperosmotic conditions
that frequently harbor rearranged chromosomes, suggesting genomic instability might
be a way of rapidly adapting to certain stressful environments (240). Another study where
Streptomyces clavuligerus was evolved by competing it serially against methicillin-resistant
Staphylococcus aureus resulted in strains overproducing the antibiotic holomycin, caused
by deletion of a large megaplasmid (247). These studies suggest that genomic instability is
an important strategy for Streptomyces to adapt to changing environments. Experimental
evolution will be a powerful approach to test relevant hypotheses. For example, we
can set up a condition where Streptomyces competes with another bacterium and test
frequencies of evolving lineages harboring genomic rearrangements. Reciprocally, we
can test whether a Streptomyces strain with a higher level of genomic instability will evolve
to produce antibiotics more rapidly. Similar studies have been done in testing functions
of bacterial mutators in gaining antibiotic resistance, in which mutators readily become
antibiotic resistant while selecting resistant strains also result in mutators. Comparing
genomic rearrangements to point mutations will be important, because both of them
are double edged swords for bacteria themselves due to the deleterious effects of many
mutations. Identifying the advantages of these two types of mutations will help us to
understand their evolutionary importance.

As discoveries in modern science requires interdisciplinary knowledge, fundamental
research in microbiology requires a comprehensive understanding in both evolutionary
and molecular biology. | have used a breadth of techniques to study fundamental
evolutionary questions in this thesis. Overall, this research will benefit both evolutionary
biologists and molecular microbiologists with the blossoming prospect of the discovery
of new antimicrobials that are so urgently needed.
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oewel bacterién niet met het blote oog waarneembaar zijn, vormen ze het

grootste en meest diverse domein op aarde (7, 2). Binnen deze diversiteit nemen

de streptomyceten een speciale plaats in. Door streptomyceten geproduceerde
metabolieten vormen het merendeel van de antibiotica en antischimmelmiddelen die in
de kliniek worden gebruikt en dit heeft er voor gezorgd dat het maatschappelijk belang
van deze bacterién niet kan worden onderschat (72, 13). Een belangrijke uitdaging voor
de exploitatie van deze organismen is echter het feit dat ze een enorme genomische
instabiliteit vertonen, een eigenschap die kan leiden tot de verandering van functies die
relevantzijn voorhuneconomische waarde, met name de productie van antibiotica (77-20).
Meercellige organismen kenmerken zich door hun vermogen om taken te verdelen tussen
de cellen waaruit ze bestaan. Deze taakverdeling kan worden gedefinieerd als de situatie
waarin individuele cellen binnen een lichaam, of subpopulaties binnen samenlevingen,
complementaire taken uitvoeren om het functioneren van het organisme of de kolonie
te verbeteren (49-52). Het beschrijven van dergelijke taakverdelingen bestaat idealiter uit
het identificeren van de omvang en oorzaken van reeds bestaande fenotypische variatie
en samenwerkingen, en het maken van kwantitatieve schattingen van de adaptieve
voordelen die hieraan zijn verbonden (50). Het meten van deze eigenschappen is relatief
makkelijk in microben en dit heeft in de afgelopen jaren geleid tot een significante
toename van de literatuur over microbiéle taakverdelingen. In Hoofdstuk 2 bespreken we
een deel van deze literatuur, ten eerste om een beter inzicht te krijgen in de oorzaken en
gevolgen van microbiéle taakverdelingen, en ten tweede om onze latere beschrijving van
taakverdelingen binnen streptomyceten-kolonies beter in een kader te kunnen plaatsen.
Eerst beschrijven we de taakverdeling tussen somatische cellen en geslachtscellen en
beargumenteren we hoe een vergelijkbare taakverdeling van toepassing is bij Myxococcus
en Dictostylium.We gaan hierbij ook in op de paralellen tussen de productie van sporen bij
microben en de kastenverhoudingen bij sociale insecten, en hoe deze verdelingen via kin-
selectie bescherming bieden tegen uitbuiting en conflict. Vervolgens beschrijven we hoe
cel-differentiatie in andere meercellige bacterién soms volgens vaste patronen verloopt,
zoals bij streptomyceten en cyanobacterién. Dit wordt gevolgd door een bespreking van
theoretisch mogelijke taakverdelingen bij streptomyceten en hoe dergelijke verdelingen
eerder onderzocht zijn in andere bacteriesoorten.

Hyperpigmentatie wordt regelmatig waargenomen in sommige kolonies van Streptomyces
coelicolor die worden gegenereerd als gevolg van genomische instabiliteit. Omdat de
bekende antibiotica die S. coelicolor produceert ook gepigmenteerd zijn, onderzochten we
de hypothese dat genomische instabiliteit ten grondslag ligt aan een taakverdeling met
betrekking tot de productie van antibiotica. Door gebruik te maken van diverse technieken
uit de microbiéle evolutie en verschillende omics benaderingen, biedt Hoofdstuk 3 een
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nieuw inzicht in hoe terminale differentiatie van het genoom de productie van antibiotica
beinvioedt in S. coelicolor. We laten zien dat mutanten ontstaan, met een frequentie van
ongeveer 1%, die zich minder goed voortplanten, maar die wel een grotere diversiteit
en kwantiteit aan antibiotica produceren. Deze veranderingen zijn geassocieerd met
genoomdeleties en laten daarmee een duidelijke afweging tussen antibioticaproductie
en voortplanting zien. Door competitie-experimenten uit te voeren met mengsels van
mutanten en wild-type cellen, laten we vervolgens zien dat deze taakverdeling leidt tot
een verhoogde reproductie op het niveau van de kolonie.

Omdat de mutanten zich relatief minder succesvol voortplanten dan de wild-type cellen,
worden ze snel door competitie binnen de kolonie weggeconcurreerd. In Hoofdstuk 4
breiden we onze studie uit met een analyse van de afstammingslijnen van deze mutanten
om hun genetische lot in kaart te brengen. De resultaten laten zien dat mutanten met
initiéle genoom-deleties in latere generaties nog meer deleties ondergaan, aan zowel de
linker- als de rechterzijde van het lineaire chromosoom, en dat deze secundaire deleties
gepaard gaan met een aanzienlijke verlaging van de sporenproductie. Daarnaast hebben
de mutanten regelmatig een verhoogde mutatiefrequentie, wat zorgt voor een snellere
accumulatie van schadelijke mutaties. Deze resultaten suggereren dat mutanten in S.
coelicolor paralellen vertonen met de steriele kasten bij sociale insecten. Vanwege diverse
en voortdurende genomische schade worden ze gemakkelijk weggeconcurreerd tijdens
de groei van de kolonie en moeten ze daarom voortdurend opnieuw worden gegenereerd
tijdens de kolonie-ontwikkeling. Deze gegevens voegen een nieuwe dimensie toe aan
het idee van mutationele ineenstorting, omdat forse genomische deleties samen met de
opkomst van verhoogde mutatiefrequenties er via een verlaagde sporen productie voor
zorgen dat de mutanten doorgaans snel uitsterven.

In Hoofdstuk 5 bestuderen we de effecten van genomische reorganisaties in S. coelicolor,
met behulp van op massaspectrometrie gebaseerde proteomics en metabolomics. We
tonen aan dat verhoogde antibacteriéle activiteit in de mutanten daadwerkelijk wordt
veroorzaakt door overproductie van antibiotica. We nemen een toename waar van
meerdere eiwitten die deel uitmaken van biosynthetische genclusters voor antibiotica.
Daarnaast worden verschillende belangrijke ontwikkelingseiwitten in mindere mate
aangemaakt in de mutanten, wat mogelijk samenhangt met de verlaagde reproductie.
Dit hoofdstuk geeft gedetailleerde moleculaire informatie over hoe de afweging tussen
antibioticaproductie en voortplanting wordt gestuurd door genomische differentiatie, en
helpt ons daarmee om de taakverdeling in S. coelicolor kolonies beter te begrijpen.

Tot slot biedt Hoofdstuk 6 een bespreking van de resultaten uit de voortgaande
hoofdstukken, en ook perspectieven voor het verder bestuderen van genomische
instabiliteit in streptomyceten en andere meercellige bacterién.
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151
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Fig. S1. Mutant frequencies in different media. Phenotypes (A) and mutation
frequencies (B) of colonies grown on minimal media (MM) or minimal media
supplemented with casamino acids (MM + CA). (A) Examples of mutant and wild-type
colonies growing on minimal media (MM) (Left) or minimal media supplemented with
casamino acids (MM + CA) (Right). (B) The frequency of mutants emerging from WT
colonies on both media types.
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Fig.S2.PacBio sequencing results of nine selected strains. (A) PacBio reads mapped
to the S. coelicolor M145 reference genome indicating coverage and highlighting
breakpoints for genome deletions, where coverage declines to 0, as well as the size of
the conserved amplified regions on the left chromosomal arms of strains 8H1B, 9H1C
and 2H11. (B) IGV snapshots of the left and right borders of amplified regions of strains

8H1B, 9H1C and 2H1I.
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Fig. S3. PFGE results of all sampled strains. (A) The schematic of changes to S.
coelicolor fragments in mutant isolates after Ase | digestion. Two bands (240 kb and
632 kb) and one 1601 kb band can be affected on the left and right arms, respectively.
(B) Schematic adjusted from Fig. 2B with more detailed mutant classes, designated
A-G. (C) PFGE results of 30 sampled strains. Two running conditions are used to
visualize larger (top panel) or smaller (bottom panel) fragments. (Detailed running
conditions are given in the Materials and methods). White arrows indicate missing or
newly appearing of the bands for different mutant class. Asterisks indicate the new
bands that can be used to estimate precise genome length.
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Fig. S4. Volcano plots of proteomics from four mutant strains. Volcano plots of
proteomics from two Cam®Arg* strains (A) and two Cam®Arg" strains with annotated
genes from arginine and pyrimidine biosynthesis pathways (B).
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Fig. S5. Trade-off between fitness and antibiotic production. Trade-off between
fitness (CFU) and antibiotic production (A) and relative fitness of selected strains
(B). (A) The trade-off between antibiotic production and reproductive capacity,
partitioned by different mutant classes. (B) Relative fitness of four selected strains.
Detailed methods are given in the Materials and methods.
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Fig. S6. Extended evidence for division of labor during co-culture of the WT and
three mutant strains at different starting frequencies. Increasing frequencies of
mutants cause increased antibiotic production (red) for (A) 2H1A (F1,s =170.3, r* =
0.955, P <0.001), (B) 8H1B (F, ;= 105.3,r*=0.929, P < 0.001) and (C) 9H1B (F, , = 201.1,
r’ =0.962, P < 0.001) but not (D) WT (le7 = 0.576, r» = 0.141, P = 0.587). Increasing
frequencies of mutants only negatively impact colony fitness at frequencies > ~50%
(black) for (A) 2H1A (F,,, = 59.44, > = 0.901, P < 0.001), (B) 8H1B (F, , = 131.7, 12 =
0.953,P<0.001)and (C) 9H1B (F,,,=101.7,r*=0.944, P < 0.001) but not (D) WT (F,, =
1.076, r*=0.235, P =0.391). Quadratic regression lines include the 95% Cl.
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Fig. S7. Competition assays between WT and mutant strain 9H1A at different
starting frequencies. Initial and final frequencies of strains during pairwise
competition assays between 9H1A (red) and the wild-type or between two
differentially marked wild-type strains (black). The dashed line indicates that initial and
final frequencies are equal, while values below the line indicate that the competing
strain has declined during the competition assay. While the differentially marked wild-
type strains have equal fitness, the mutant strain has dramatically reduced fitness at

every starting frequency.
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SM for Chapter 3

Table S2. The 'H NMR signals ranked by X and Y weights (w* and c) for PLS
component 1. The association with the zone of inhibition (Zol) on B. subtilis suggests

their contribution to increased killing. cvSE represents corss-validation standard error.

Continued Continued
Signal (ppm) w*c [1] cvSE [Signal (ppm) w*c [1] cvSE |Signal (ppm) w*c [1] cvSE
2.56 0.123 0.022 7.72 0.064 0.026 3.84 0.001 0.034
2.80 0.115 0.031 5.20 0.064 0.027 9.84 -0.002 0.024
1.56 0.110 0.021 4.00 0.064 0.035 4.76 -0.002 0.015
7.20 0.109 0.019 7.52 0.063 0.017 9.80 -0.002 0.036
7.40 0.106 0.009 6.04 0.063 0.028 8.92 -0.003 0.046
2.84 0.105 0.013 1.84 0.062 0.033 0.40 -0.004 0.030
Zol 0.105 0.031 6.52 0.062 0.020 0.48 -0.004 0.032
7.28 0.105 0.015 1.72 0.062 0.029 9.16 -0.004 0.045
7.12 0.103 0.010 6.48 0.061 0.021 8.88 -0.004 0.046
7.24 0.103 0.019 6.08 0.061 0.034 0.52 -0.005 0.033
8.00 0.101 0.017 1.96 0.060 0.034 0.44 -0.006 0.032
7.88 0.099 0.018 7.92 0.059 0.026 5.88 -0.006 0.039
3.20 0.097 0.017 5.04 0.058 0.019 6.44 -0.007 0.031
2.60 0.095 0.018 5.80 0.058 0.018 0.36 -0.007 0.030
7.00 0.095 0.017 5.68 0.056 0.015 0.32 -0.007 0.028
3.16 0.095 0.024 0.96 0.055 0.033 0.28 -0.007 0.027
7.56 0.094 0.011 5.84 0.055 0.017 0.20 -0.007 0.025
5.48 0.093 0.024 4.20 0.055 0.023 0.24 -0.007 0.025
7.68 0.092 0.011 1.24 0.051 0.024 0.64 -0.008 0.029
7.36 0.089 0.013 8.76 0.050 0.031 4.08 -0.009 0.033
2.64 0.089 0.020 3.40 0.050 0.045 4.56 -0.010 0.026
7.32 0.088 0.022 4.60 0.050 0.024 9.28 -0.010 0.038
6.96 0.088 0.042 3.48 0.049 0.022 5.64 -0.010 0.023
6.76 0.088 0.026 212 0.049 0.022 9.20 -0.011  0.041
7.44 0.087 0.029 1.48 0.049 0.015 9.04 -0.011  0.039
7.60 0.086 0.018 8.12 0.049 0.012 8.96 -0.012 0.044
6.80 0.086 0.021 4.04 0.048 0.044 9.36 -0.013 0.043
6.64 0.086 0.023 7.16 0.047 0.017 9.96 -0.013 0.032
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8.08 0.085 0.014 9.12 0.047 0.026 8.20 -0.014 0.035
2.52 0.085 0.023 6.88 0.047 0.034 9.72 -0.016 0.033
6.60 0.085 0.017 1.04 0.046 0.034 0.76 -0.017 0.025
2.68 0.084 0.025 0.80 0.045 0.028 0.56 -0.018 0.033
1.92 0.084 0.020 1.00 0.044 0.031 10.00 -0.018 0.017
5.44 0.083 0.016 4.32 0.044 0.018 9.68 -0.019 0.028
3.60 0.083 0.026 5.56 0.043 0.024 9.44 -0.020 0.034
1.40 0.083 0.045 3.44 0.041 0.037 9.32 -0.020 0.036
2.48 0.083 0.021 3.24 0.041 0.024 9.40 -0.022 0.034
6.72 0.083 0.025 8.44 0.041 0.038 9.48 -0.024 0.036
244 0.082 0.024 4.64 0.039 0.030 7.84 -0.025 0.038
3.12 0.082 0.027 2.24 0.039 0.045 9.60 -0.030 0.032
2.76 0.082 0.023 4.68 0.038 0.034 3.52 -0.032 0.037
2.88 0.082 0.026 3.76 0.037 0.040 5.24 -0.033 0.034
2.92 0.082 0.025 4.72 0.036 0.030 9.64 -0.034 0.035
2.72 0.082 0.024 8.56 0.036 0.032 9.56 -0.038 0.035
240 0.081 0.025 6.92 0.035 0.037 1.52 -0.042 0.041
2.96 0.081 0.024 3.28 0.035 0.023 1.64 -0.042 0.027
7.48 0.081 0.017 1.44 0.034 0.026 0.60 -0.044 0.036
1.80 0.080 0.018 3.96 0.033 0.023 0.68 -0.048 0.038
6.68 0.080 0.022 3.88 0.033 0.029 8.24 -0.049 0.022
5.52 0.080 0.025 5.00 0.031 0.047 2.28 -0.055 0.034
7.08 0.079 0.018 2.20 0.031 0.028 1.36 -0.060 0.027
3.08 0.078 0.027 9.76 0.030 0.033 4.16 -0.062 0.037
6.32 0.077 0.024 0.72 0.030 0.025 3.80 -0.063 0.029
7.04 0.076 0.017 3.72 0.024 0.031 8.28 -0.063 0.028
6.40 0.076 0.019 3.36 0.024 0.026 1.12 -0.066 0.020
7.64 0.076 0.021 8.60 0.024 0.045 8.68 -0.068 0.027
3.04 0.076 0.029 3.92 0.024 0.025 8.64 -0.071  0.021
6.20 0.075 0.028 1.28 0.022 0.047 5.28 -0.074 0.036
3.00 0.074 0.026 1.08 0.021 0.027 4.36 -0.075 0.037
6.24 0.074 0.019 8.52 0.020 0.031 2.08 -0.080 0.033
4.24 0.074 0.026 7.80 0.019 0.026 2.32 -0.085 0.035
5.72 0.074 0.024 4.40 0.018 0.037 3.64 -0.088 0.026
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8.04 0.074 0.013 0.84 0.017 0.029 1.20 -0.090 0.021
8.40 0.074 0.018 7.96 0.017 0.046 8.36 -0.093 0.022
6.16 0.072 0.030 9.24 0.017 0.031 2.04 -0.097 0.026
6.12 0.072 0.032 4.52 0.016 0.017 5.16 -0.098 0.035
6.56 0.072 0.021 9.92 0.015 0.018 8.32 -0.100 0.020
6.28 0.071 0.027 3.56 0.014 0.039 8.16 -0.102 0.035
4.28 0.071 0.024 5.60 0.011  0.048 5.12 -0.103 0.034
1.76 0.070 0.030 1.68 0.009 0.027 5.96 -0.104 0.018
4.44 0.070 0.018 8.80 0.009 0.046 9.08 -0.105 0.016
6.36 0.070 0.031 8.48 0.008 0.046 1.60 -0.107 0.027
7.76 0.069 0.014 5.92 0.008 0.020 2.36 -0.108 0.031
6.84 0.069 0.023 4.48 0.006 0.025 1.16 -0.110 0.031
2.16 0.068 0.017 8.84 0.006 0.048 5.32 -0.111  0.029
6.00 0.068 0.016 2.00 0.005 0.033 412 -0.119 0.037
8.72 0.067 0.023 3.68 0.005 0.036 5.36 -0.120 0.022
5.40 0.066 0.026 9.52 0.005 0.042 5.08 -0.123 0.028
1.88 0.065 0.021 9.88 0.003 0.026 1.32 -0.125 0.015
5.76 0.065 0.015 9.00 0.002 0.041 0.88 -0.127  0.021
0.92 0.065 0.039 Continue on the right
Continue on the right
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Fig. S1. Morphology of sampled strains. Morphogenesis, including aerial growth,
sporulation and pigmentation, varies among and within lineages.
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Fig. S2. Antibiotic resistance of sampled strains. MIC of (A) oxytetracycline (B)
streptomycin or (C) ciprofloxacin. Unit is shown as ug ml.
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Fig. S3. Pacbio sequencing results of sampled strains. Plots indicate the coverage
of reads mapped to the S. coelicolor M145 reference genome. (A) Ancestor WT. (B) T25
strains from WT lineages. (C) TO (blue) and T25 (orange) strains from mutant lineages.
(D) Strains of lineage W3 at T5 (light gray), T7 (blue) and T25 (orange).
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(o]

Log:,CFU (mean)
[e)}

50 100 150 200
Zone of inhibition (area (mean, mm?))

Fig. S1. CFU production and antibacterial activity is negatively correlated. The
linear regression line includes the 95% confidence interval.

Strain WT 2H1A 8H1B 9H1B 2H11 9H1A
12 3 1 2 3 1 2 3

A
-
N
w
-
N
w
-
N
w

1 0.65 0.64 0.64 0.62 0.60 0.61
WT 2 0.64 0.63 0.63 0.61 0.60 0.60
3 0.65 0.64 0.64 0.62 0.60 0.61
1
2H1A 2
3
1
8H1B 2
3
1
9H1B 2
3
1 065 0.64 0.65
2H1l 2 064 063 0.64
3 0.64 0.63 0.64
1 062 061 0.62
9H1A 2 0.60 0.60 0.60
3 061 0.60 0.61

Fig. S2. Pearson’s correlation coefficient between each sample. This heatmap
shows reproducibility between replicates of the same strain and distinction among
strains similar to what is indicated by genomic rearrangements.
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Fig. S3. Undecylprodigiosin production quantified by LC-MS/MS. No significant
difference was detected among strains based one-way ANOVA followed by Tukey'’s
tests and multiple two-sample t tests followed by Bonferroni correction (P<0.05).
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Fig. S4. The zone of inhibition against B. subtilis increase in most strains when
overlaid media are supplemented with 20mM calcium nitrate. Asterisks indicate
the statistical difference between two treatments according to Welch’s t tests (¥
P<0.05, *** P<0.001).
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Table S1. List of proteins with a VIP > 1.4 and a regression coefficent > 0 based
on the PLS model using antibacterial activity (zone of inhibition) as a Y variable.

Locus tag | Coef. | VIP Gene Gene product
SCO00170 0.174 1.533 hypothetical protein
SCO7013 0.171 1.497 sugar-binding lipoprotein
SCO0158 0.171 1.562 oxidoreductase
SCO00299 0.170 1.515 oxidoreductase
SCO03671 0.166 1.423 dnaK molecular chaperone DnaK
SCO00254 0.162 1.476 hypothetical protein
SC03224 0.160 1.518 ABC transporter ATP-binding protein
SCO00335 0.159 1.521 hypothetical protein
SCO00257 0.158 1.493 hypothetical protein
SC00259 0.158 1.468 alcohol dehydrogenase
SCO0137 0.157 1.466 sugar-transport protein
SC00214 0.156 1.471 hypothetical protein
SCO1254 0.154 1.420 purB adenylosuccinate lyase
SC03132 0.152 1.519 trans-aconitate 2-methyltransferase
SC04992 0.152 1.401 hypothetical protein
SC02407 0.147 1.518 aldose 1-epimerase
SC00203 0.146 1.417 two-component sensor
SCO0315 0.144 1.477 decarboxylase
SCO0361 0.144 1.472 hypothetical protein
SCO4071 . . purC phosphoribosylaminoimidazole-succinocarbox-

amide synthase
SCO03236 0.139 1.525 oxygenase
SC02196 0.139 1.494 hypothetical protein
SCO04739 0.137 1.470 lipoprotein
SC03222 0.136 1.473 hypothetical protein
SCO1366 0.136 1.497 hypothetical protein
SC03229 0.136 1.507 4-hydroxyphenylpyruvic acid dioxygenase
SC04472 0.134 1.442 resA hypothetical protein
SC02404 0.133 1.455 sugar-binding receptor
SC03244 0.130 1.510 hypothetical protein
SCO1361 0.128 1.453 hypothetical protein
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SCO1906 0.125 1.451 hypothetical protein

SCO1838 0.124 1.426 enoyl-CoA hydratase/isomerase
SCO00723 0.124 1.505 fructose transport system kinase
SCO1903 0.122 1.461 transport associated protein
SCO1138 0.122 1.441 hypothetical protein

SC05285 0.122 1.475 lon ATP-dependent protease
SCO04919 0.115 1.493 flavoprotein disulfide reductase
SC02380 0.113 1.450 hypothetical protein

SCO3661 0.112 1.474 clpB ATP-dependent protease ATP-binding subunit
SC02887 0.111 1.460 hypothetical protein

SCO1530 0.110 1.422 hypothetical protein

SCO5059 0.109 1.463 ppgK polyphosphate glucokinase
SCO04490 0.108 1.436 decarboxylase

SCO00462 0.107 1.447 oxidoreductase

SCO04956 0.105 1.433 methionine sulfoxide reductase A
SC02262 0.102 1.430 oxidoreductase

SCO4754 0.101 1.428 transcriptional regulator
SCO3092 0.099 1.431 oxidoreductase

SCO06010 0.099 1.438 ABC transporter ATP-binding protein
SCO03945 0.098 1.453 cydA cytochrome oxidase subunit |
SCO03890 0.092 1.426 trxB thioredoxin reductase
SC06026 0.090 1.404 fatty acid oxidation complex alpha-subunit
SC05281 0.088 1.403 alpha-ketoglutarate decarboxylase
SCO1081 0.087 1.408 electron transfer flavoprotein subunit alpha
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Table S2. List of proteins with a VIP > 1.4 and a regression coefficent < 0 based
on the PLS model using antibacterial activity (zone of inhibition) as a Y variable.

Locus tag| Coef.| VIP | Gene Gene product
SCO05040 -0.149 1.538 hypothetical protein
SCO4654 -0.144 1.501 rpoB DNA-directed RNA polymerase subunit beta
SCO1388 -0.142 1.538 mannose-1-phosphate guanyltransferase
SCO4655 -0.133 1.428 rpoC DNA-directed RNA polymerase subunit beta’
SCO06750 -0.128 1.413 isopentenyl-diphosphate delta-isomerase
SC03328 -0.120 1.499 bdtA hypothetical protein
SCO01234 -0.109 1.404 ureC urease subunit alpha
SCO03144 -0.104 1.467 two-component system response regulator
SC06638 -0.097 1.435 hypothetical protein
SCO3677 -0.096 1.419 purine phosphoribosyltransferase
SC05629 -0.096 | 1.415 ATP /GTP-binding protein
SCO1908 -0.091 1.404 large hypothetical protein
SC0O4568 -0.091 1.406 nuoG NADH dehydrogenase subunit G
SCO07028 -0.090 1.408 bxIE sugar-binding lipoprotein
SCO5176 -0.090 | 1.410 reductase
SC02035 -0.090 1.425 hypothetical protein
SCO1141 -0.089 1.419 hypothetical protein
SCO7072 -0.081 1.400 hypothetical protein
SCO00932 -0.080 1.402 hypothetical protein
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Table S3. List of proteins with aVIP > 1.4 and a regression coefficent > 0 based on

the PLS model using CFU as a Y variable.

Locus tag| Coef.| VIP | Gene Gene product
SCO05819 1.46E-3 | 1.423 whiH sporulation transcription factor, WhiH
SCO6375 1.42E-3 | 1.452 hypothetical protein
SCO1090 1.42E-3 | 1.433 ugpQ1 phosphodiesterase
SC02520 1.41E-3 | 1.408 hypothetical protein
SC06154 1.40E-3 | 1.446 hypothetical protein
SCO00592 1.40E-3 | 1.447 hypothetical protein
SCO04159 1.39E-3 | 1.446 glnR transcriptional regulator
SCO04239 1.39E-3 | 1.446 small membrane protein
SCO4768 1.38E-3 | 1.439 bldM two-component regulator
SCO1163 1.38E-3 | 1.456 hypothetical protein
SC04042 1.38E-3 | 1.436 hypothetical protein
SCO7073 1.37E-3 | 1.446 dihydroxyacetone kinase subunit DhaK
SCO03101 1.37E-3 | 1.414 lipoprotein
SCO03540 1.36E-3 | 1.466 sipD proteinase
SCO5444 1.36E-3 | 1.450 glgP glycogen phosphorylase
SCO5806 1.36E-3 | 1.401 hypothetical protein
SCO1611 1.36E-3 | 1.420 short chain dehydrogenase
SCO1612 1.36E-3 | 1.441 aldehyde dehydrogenase
SCO1590 1.35E-3 | 1.461 hypothetical protein
SCO1384 1.35E-3 | 1.443 hypothetical protein
SC02522 1.35E-3 | 1.409 hypothetical protein
SCO3845 1.35E-3 | 1.451 protein phosphatase
SCO06482 1.34E-3 | 1.439 hypothetical protein
SCO4568 1.34E-3 | 1.408 nuoG NADH dehydrogenase subunit G
SC03326 1.34E-3 | 1.428 epimerase
SCO05028 | 1.34E-3| 1.411 ATP-binding protein
SCO3721 1.34E-3 | 1.466 carbonic anhydrase
SC02062 1.34E-3 | 1.413 hypothetical protein
SCO06437 1.34E-3 | 1.405 hypothetical protein
SCO5461 1.33E-3 | 1.429 hypothetical protein
SCO02035 1.33E-3 | 1.439 hypothetical protein
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SCO0780 1.33E-3 | 1.404 zinc-binding oxidoreductase
SCO2088 13363 | 1416 murE UDP-N-acetylmuramoylalanyl-D-glutamyl-2,
6-diaminopimelate- D-alanyl-alanyl ligase

SC02473 1.32E-3 | 1.470 nitrate reductase
SCO5315 | 1.32E-3 | 1.429 WhiE, polyketide cyclase

ORFVI
SCO05803 1.32E-3 | 1.474 lexA LexA repressor
SCO1639 1.32E-3 | 1.436 fkpA peptidyl-prolyl cis-trans isomerase
SCO00591 1.32E-3 | 1.433 lysozyme
SCO1993 1.32E-3 | 1.443 hypothetical protein
SCO02390 1.32E-3 | 1.401 fabF 3-oxoacyl-ACP synthase
SCO7036 1.31E-3 | 1.412 argG argininosuccinate synthase
SCO04141 1.31E-3 | 1.462 pstC phosphate ABC transporter permease
SC02822 1.31E-3 | 1.469 decarboxylase
SCO5466 | 1.31E-3| 1.458 hydrolase
SC02079 1.31E-3 | 1.400 hypothetical protein
SCO1507 1.31E-3 | 1.414 hypothetical protein
SC02253 1.31E-3 | 1.404 hypothetical protein
SCO4774 1.30E-3 | 1.459 glycerol phosphate dehydrogenase
SCO05249 1.30E-3 | 1.456 nucleotide-binding protein
SC0O4421 1.30E-3 | 1.417 TetR family transcriptional regulator
SC02241 1.30E-3 | 1.459 glutamine synthetase
SCO04677 1.30E-3 | 1.468 rsfA regulatory protein
SCO4881 1.29E-3 | 1.462 polysaccharide biosynthesis-like protein
SCO00597 1.29E-3 | 1.417 hypothetical protein
SCO02900 1.29E-3 | 1.421 hypothetical protein
SCO7057 1.28E-3 | 1.460 esterase
SCO05539 1.28E-3 | 1.420 cvnB2 hypothetical protein
SCO00654 1.28E-3| 1.410 gvpZ2 hypothetical protein
SCO6714 | 1.28E-3 | 1.411 hydroxylase
SC02813 1.28E-3 | 1.464 hypothetical protein
SC04907 1.28E-3 | 1.428 afsQ1 transcriptional regulator
SCO5556 1.28E-3| 1.418 hupS histone-like DNA binding protein
SCO7028 1.28E-3 | 1.409 bxIE sugar-binding lipoprotein
SCO00932 1.28E-3 | 1.447 hypothetical protein
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SC03887 1.27E-3 | 1.434 parB partitioning or sporulation protein

SCO1473 1.27E-3| 1.418 fmt methionyl-tRNA formyltransferase

SCO05693 1.27E-3 | 1.416 acyl CoA dehydrogenase

SC06014 1.27E-3 | 1.437 cationic amino acid transporter

SCO1141 1.27E-3 | 1.423 hypothetical protein

SCO1050 1.27E-3 | 1.426 DNA protection protein

SC06218 1.27E-3 | 1.446 phosphatase

SCO4077 12763 | 1425 phosphoribosylformylglycinamidine synthase
subunit PurS

SCO05586 1.27E-3 | 1.453 ffh signal recognition particle protein

SC02238 1.26E-3 | 1.449 nadE NAD(+) synthase (glutamine-hydrolysing)

SC0O2958 126E-3 | 1460 bifunctional uroporphyrinogen-Ill synthetase/re-

sponse regulator domain-containing protein

SCO04880 1.26E-3 | 1.414 transferase

SCO06059 1.26E-3 | 1.407 hypothetical protein

SCO05583 1.26E-3 | 1.462 amtB ammonium transporter

SCO7072 1.25E-3 | 1.442 hypothetical protein

SC03652 1.25E-3 | 1.404 hypothetical protein

SC0O6416 1.25E-3 | 1.416 oxidoreductase

SCO01643 1.25E-3 | 1.412 pcrA 20S proteasome alpha-subunit

SCO5668 1.25E-3 | 1.406 polyamine ABC transporter ATP-binding protein

SCO0726 1.25E-3 | 1.417 oxidoreductase

SCO1996 1.25E-3 | 1.409 coakE dephospho-CoA kinase

SC02021 1.25E-3 | 1.430 hypothetical protein

SC02232 1.24E-3 | 1.456 malR maltose operon transcriptional repressor

SC06476 1.24E-3 | 1.444 adenylosuccinate lyase

SC04038 | 1.24E-3 | 1.421 deaminase

SCO05533 1.24E-3 | 1.419 hypothetical protein

SCO1766 | 1.23E-3 | 1.447 glycohydrolase

SCO05465 1.22E-3 | 1.413 hypothetical protein

SCO06637 1.22E-3 | 1.439 hypothetical protein

SCO0509 1.22E-3| 1.410 glpK2 glycerol kinase

SC00648 1.22E-3 | 1.426 methyltransferase

SCO04675 1.22E-3| 1.416 hypothetical protein

SCO04055 1.21E-3 | 1.406 alcohol dehydrogenase
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SC02529 1.21E-3 | 1.429 metalloprotease

SCO00398 1.20E-3 | 1.420 glycosyl transferase

SC02140 1.19E-3 | 1.409 transcriptional regulator

SC00582 1.19E-3 | 1.410 transcriptional regulator

SCO02385 1.19E-3 | 1.416 hypothetical protein

SCO1153 1.17E-3 | 1.424 acyl-CoA thioesterase |

SCO5585 1.17E-3 | 1.414 ginD PII uridylyl-transferase

SCO5116 1.16E-3 | 1.406 bldKE peptide transport system ATP-binding subunit
SC02950 1.14E-3 | 1.401 | hup, hupA DNA-binding protein HU (hs1)
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Table S4. List of proteins with aVIP > 1.4 and a regression coefficent < 0 based on
the PLS model using CFU as a Y variable.

Locus tag| Coef.| VIP | Gene |Gene product
SCO2164 |[-1.40E-3| 1.426 integral membrane efflux protein
SCO0852 |[-1.39E-3| 1.407 aldolase
SC02478 |-1.38E-3| 1.446 reductase
SCO6019 [-1.38E-3| 1.450 hypothetical protein
SCO6009 ([-1.37E-3| 1.418 solute-binding protein
SC02162 |-1.37E-3| 1.440 quinolinate synthetase
SC06027 |[-1.36E-3| 1.458 acetyl-CoA acetyltransferase
SCO5178 [-1.35E-3| 1.455 moeB molybdopterin biosynthesis-like protein MoeZ
SCO0960 |-1.34E-3| 1.451 hydrolase
SCO2614 |-1.34E-3| 1.457 fpgS folylpolyglutamate synthase
SC02593 [-1.34E-3| 1.460 hypothetical protein
SCO02369 |-1.33E-3| 1.455 thiol-specific antioxidant protein
SC02532 |[-1.33E-3| 1.463 PhoH-like protein
SCO1594 [-1.32E-3| 1.442 pheT phenylalanyl-tRNA synthetase subunit beta
SC02013 [-1.32E-3| 1.444 two-component system response regulator
SCO1424 |-1.31E-3| 1.447 hypothetical protein
SCO3420 |-1.30E-3| 1.409 aldehyde dehydrogenase
SCO1296 [-1.30E-3| 1.433 hypothetical protein
SCO06445 |-1.30E-3| 1.446 inositol monophosphatase
SCO05523 ([-1.30E-3| 1.467 ilvE branched-chain amino acid aminotransferase
SCO02065 |-1.29E-3| 1.400 hypothetical protein
SCO06026 [-1.29E-3| 1.419 fatty acid oxidation complex alpha-subunit
SC04827 [-1.29E-3| 1.442 mdh malate dehydrogenase
SCO6148 [-1.29E-3| 1.445 hypothetical protein
SC04709 ([-1.28E-3| 1.404 rpIP 50S ribosomal protein L16
SC03947 ([-1.28E-3| 1.409 cydCD ABC transporter
SCO3890 |-1.28E-3| 1.425 trxB thioredoxin reductase
SCO6740 |-1.28E-3| 1.437 D-amino acid oxidase
SCO1780 [-1.28E-3| 1.451 DNA repair protein
SCO5044 (-1.28E-3| 1.452 fumB fumarate hydratase class |
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SCO3119 |-1.28E-3| 1.454 hypothetical protein

SC06102 |-1.27E-3| 1.404 nitrite/sulfite reductase
SCO06097 [-1.27E-3| 1.414 cysN sulfate adenylyltransferase subunit 1
SC04474 |-1.27E-3| 1.437 hypothetical protein

SC02179 [-1.27E-3| 1.440 leucyl aminopeptidase
SCO1345 |-1.26E-3| 1.411 fabG2 3-ketoacyl-ACP reductase
SCO5405 |-1.26E-3| 1.417 transcriptional regulator
SCO4506 |-1.26E-3| 1.424 hypothetical protein

SCO1081 -1.26E-3| 1.426 electron transfer flavoprotein subunit alpha
SCO1905 |-1.26E-3| 1.426 hypothetical protein

SC02615 |-1.26E-3| 1.429 valS valyl-tRNA synthetase
SCO1484 [-1.26E-3| 1.434 pyrAA carbamoyl phosphate synthase small subunit
SCO1580 |-1.26E-3| 1.437 argC N-acetyl-gamma-glutamyl-phosphate reductase
SCO5172 |-1.26E-3| 1.439 hydrolase

SCO02004 |-1.26E-3| 1.443 formate dehydrogenase
SCO1546 [-1.26E-3| 1.447 aminotransferase

SCO04963 |-1.25E-3| 1.404 ABC transporter ATP-binding protein
SCO0909 |-1.25E-3| 1.405 hypothetical protein

SCO02935 |-1.25E-3| 1.414 scrX transcriptional regulator
SCO06031 -1.25E-3( 1.421 hemE uroporphyrinogen decarboxylase
SCO1557 |-1.25E-3| 1.422 lipoprotein

SCO05024 (-1.25E-3| 1.424 oxidoreductase

SCO0408 ([-1.25E-3| 1.427 methyltransferase

SCO1481 -1.25E-3| 1.428 pyrF orotidine 5’-phosphate decarboxylase
SC04209 ([-1.25E-3| 1.433 pgm phosphoglyceromutase
SCO6042 ([-1.25E-3| 1.438 hypothetical protein

SC06264 ([-1.25E-3| 1.439 reductase

SCO4244 |-1.25E-3| 1.458 hypothetical protein

SC06279 [-1.24E-3| 1.406 diaminobutyrate-pyruvate aminotransferase
SC02291 -1.24E-3| 1.420 axeA acetylxylan esterase

SCO1482 [-1.24E-3| 1.425 pyrD dihydroorotate dehydrogenase 2
SCO1921 [-1.24E-3| 1.431 aminotransferase

SCO1661 -1.24E-3| 1.442 glycerol-3-phosphate dehydrogenase
SCO6099 |-1.23E-3| 1.401 cysC adenylylsulfate kinase
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SC03945 (-1.23E-3| 1.407 cydA cytochrome oxidase subunit |

SC04587 [-1.23E-3| 1.407 hypothetical protein

SC04683 [-1.23E-3| 1.422 gdhA glutamate dehydrogenase

SCO6090 | -123E.3| 1422 antibiotic resistance macrolide glycosyltrans-

ferase

SCO06819 |-1.23E-3| 1.431 aroA 3-phosphoshikimate 1-carboxyvinyltransferase

SCO06091 -1.23E-3| 1.438 hypothetical protein

SCO5520 ([-1.22E-3| 1.405 delta-1-pyrroline-5-carboxylate dehydrogenase

SCO4186 |-1.22E-3| 1.411 hypothetical protein

SCO0769 [-1.22E-3| 1.419 aldo/keto reductase

SCO02913 |-1.22E-3| 1.424 hypothetical protein

SCO1223 [-1.22E-3| 1.426 rocD ornithine aminotransferase

SCO1487 [-1.21E-3| 1.412 pyrB aspartate carbamoyltransferase catalytic subunit

SCO04494 |-1.21E-3| 1.412 hypothetical protein

SC02640 ([-1.21E-3| 1.414 asd1 aspartate-semialdehyde dehydrogenase

SCO1222 |-1.21E-3| 1.420 hypothetical protein

SC03877 [-1.21E-3| 1.424 6-phosphogluconate dehydrogenase
bifunctional pyrimidine regulatory protein PyrR

SC01488 | 1.21E:3) 1424 PyrR uraciIp:hosphoribogsyltraanZrase '

SCO5976 ([-1.20E-3| 1.408 arcB ornithine carbamoyltransferase

SC02634 |-1.20E-3| 1.412 hypothetical protein

SCO1570 |-1.20E-3| 1.415 argH argininosuccinate lyase

SCO04253 |-1.20E-3| 1.415 hypothetical protein

SCO1578 |-1.20E-3| 1.420 argB acetylglutamate kinase

SCO3345 |-1.20E-3| 1.426 dihydroxy-acid dehydratase

SCO1577 [-1.20E-3| 1.427 argD acetylornithine aminotransferase

SCO1483 [-1.20E-3| 1.431 pyrA carbamoyl phosphate synthase large subunit

SCO5389 |-1.19E-3| 1.403 hypothetical protein

SCO3096 |[-1.19E-3| 1.421 eno phosphopyruvate hydratase

5cO1579 |-1.19E3| 1422 argJ bifunctional ornithine acetyltransferase/N-acetyl-

glutamate synthase

SCO1868 |-1.19E-3| 1.443 hypothetical protein

SCO1523 [-1.18E-3| 1.413 pyridoxal biosynthesis lyase PdxS

SCO1086 [-1.17E-3| 1.408 hypothetical protein
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SCO1486 [-1.16E-3| 1.406 pyrC dihydroorotase

SCO3127 |-1.16E-3| 1.408 ppc phosphoenolpyruvate carboxylase
SCO3889 |-1.16E-3| 1.409 trxA thioredoxin

SCO5554 |-1.15E-3| 1.408 leuD isopropylmalate isomerase small subunit
SCO1916 |-1.14E-3| 1.406 transferase

SC06220 ([-1.12E-3| 1.403 hypothetical protein
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