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ABSTRACT

Microbial communities are often complex and highly diverse, typically with dozens of species sharing spatially-restricted envi-
ronments. Within these species, genetic and ecological variation often exists at a much finer scale, with closely related strains
coexisting and competing. While the coexistence of strains in communities has been heavily explored over the past two decades,
we have no self-consistent theory of how this diversity is maintained. This question challenges our conventional understanding
of ecological coexistence, typically framed around species with clear phenotypic and ecological differences. In this review, we
synthesise plausible mechanisms underlying strain-level diversity (termed microdiversity), focusing on niche-based mechanisms
such as nutrient competition, neutral mechanisms such as migration, and evolutionary mechanisms such as horizontal gene
transfer. We critically assess the strengths and caveats of these mechanisms, acknowledging key gaps that persist in linking
genetic similarity to ecological divergence. Finally, we highlight how the origin and maintenance of microdiversity could pose
a major challenge to conventional ecological thinking. We articulate a call-to-arms for a dialogue between well-designed exper-
iments and new theoretical frameworks to address this grand conceptual challenge in understanding microbial biodiversity.

1 | Introduction Shu and Huang 2022) coexist across long timescales (Goldford

et al. 2018) despite the comparatively low diversity of available

Natural ecosystems are remarkably complex, often encompass-
ing organisms spanning the tree of life that directly and indi-
rectly interact through their dynamic environments. The past
century of technological and theoretical advancements have
allowed us to probe the ‘invisible’ community members-the
protists, microbes, and their associated viruses-revealing per-
plexing ecological phenomena. Studying these phenomena in
natural environments has revealed a ‘paradox of the plankton’
(Hutchinson 1961). How do hundreds to thousands of species
(Hong et al. 2006; Tran and Boedicker 2017; Hoshino et al. 2020;

nutrients (tens to hundreds) they use to grow (Figure 1A)? Many
studies have since proposed possible resolutions to this paradox
(Roy and Chattopadhyay 2007; Record et al. 2014; Menden-
Deuer and Rowlett 2014; Flynn et al. 2022). Each of these pro-
posals provide new mechanisms by which species may be able
to coexist on a limited pool of nutrients, thereby providing new
ecological ‘niches’ that these species can occupy in order to coex-
ist. Although species may coexist by occupying distinct niches,
it is reasonable to hypothesise that competition within species
(between strains, as defined in Box 1) is so intense that only one
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FIGURE1 | Coexistence of organisms across scales. (A) Top row schematizes different levels of taxonomic resolution with hypothesized inter-

actions between community members depicted using sharp- and blunted-arrows. Bottom row diagrams temporal dynamics of community biomass

composition at each taxonomic level. (B, left) Observed coexistence of strain clades in an experimental Escherichia coli community (Good et al. 2017)

and (B, right) observed coexistence of Pseudomonas strains in a natural community from pitcher plants (Goyal et al. 2022).

strain could dominate. How, then, can strains with nearly iden-
tical genomes occupy distinct niches?

Recent advances in DNA sequencing and genome reconstruc-
tion have permitted a deeper understanding of microbial diver-
sity, allowing us to identify and track the dynamics of individual
strains within these populations. In both natural and experi-
mental settings, we see diversity at the strain level, where mul-
tiple distinct strains not only coexist but also display unique
ecological dynamics (Figure 1B). On a genetic level, coexisting
strains differ on the order of hundreds of base pair differences
(or less) (Goyal et al. 2022; Garud and Pollard 2020; Garud
et al. 2019), raising several key questions that make strain coex-
istence a qualitatively distinct problem from species coexistence:
How can closely related strains coexist even when they are likely
competing for the same nutrient sources? How do new strains
emerge and compete in this environment? How do strains ex-
hibit impressive physiological diversity when their genetic
diversity is minimal? What is the structure of the genotype-phe-
notype maps in highly similar strains, and is it sufficient to yield
the physiological diversity necessary for strains to coexist?

Here, we provide a concise overview of the plausible mecha-
nisms that allow for the maintenance of strain-level diversity
(which we refer to as ‘microdiversity’) in microbial communities,

emphasising their caveats and open questions (Figures 2 and 3),
and highlight that we lack a rigorous practical definition of what
coexistence means across environmental and evolutionary con-
texts. We highlight both the potential explanatory power of these
mechanisms and their pitfalls, while acknowledging the signifi-
cant gaps in our understanding that remain. Finally, we issue an
interdisciplinary call-to-arms for new experiments and theoreti-
cal tools to address the simple reality that, the closer we look, the
more diversity and coexistence we find.

2 | Niche-Based Mechanisms

Niche-based mechanisms are among the most common ways
to explain coexistence across diverse ecosystems. The central
idea of niche theory (Chase and Leibold 2009) is that differ-
ent resources provide different opportunities for growth and
survival, and species vary in how they utilise these resources
(Martiny et al. 2015; Monod 1949; Gralka et al. 2023; MacLean
and Gudelj 2006; Kehe et al. 2021; Dal Bello et al. 2021; Goyal
et al. 2021). However, coexisting species must differ sufficiently
in utilising these resources, with each species typically being
the ‘best’ among the others at utilising a specific resource or
combination of resources. Each such combination is said to be
a specific ‘niche’, and species are such to ‘fill’ or ‘pack’ niches.
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BOX1 | Candidate definitions of a ‘strain’.

The taxonomic classification of life has been undeniably useful in piecing together evolutionary history. However, the genomic
flexibility of microbes poses unique challenges to these classifications, often making species designations difficult. This problem
is even more pronounced for microdiversity—how do we distinguish between microbes of the same species that have distinct
traits and ecological behaviour, yet highly similar genomic sequences?

In this work, we use the term ‘strain’ to describe such differences, but a more quantitative and concrete definition would be
incredibly useful. In our view, there are several ways one could define different strains, each with benefits and caveats. Any two
microbes are considered different strains if..

o ..they descended from a clonal culture yet exhibit different physiological or ecological behaviours. This definition is particu-
larly useful in ecological contexts, where functional traits determine interactions and fitness. Indeed, grouping microbes into
groups with similar traits-termed ecotypes-has allowed for near-real-time monitoring of microbial evolution in diverse envi-
ronments (Good et al. 2017; Chase et al. 2018, 2021; Behringer et al. 2022). However, the practical limitations are significant as
distinct traits or physiological differences are often difficult to quantify, highly context-dependent, and are not always easily
mapped onto genetic variation, which is more easily measurable. Moreover, in natural environments, we rarely have access
to complete life histories, making it impossible to verify clonal descent in most (but not all (Good et al. 2017)) cases. Finally,
the stochastic nature of gene expression (Sanchez et al. 2013) and epigenetic regulation (Riber and Hansen 2021) means that
genetically identical individuals can exhibit different phenotypes (e.g., spore formation (Tan and Ramamurthi 2014) and
antibiotic susceptibility (Akiyama and Kim 2021)). As a result, this definition, while conceptually appealing, is difficult to
operationalise in nature.

« ..a certain percentage of their DNA is identical, averaged across the entire genome. This approach, termed genome-wide Average
Nucleotide Identity (ANI), has been widely adopted for delineating microbial species (< 90% identity) and has been proposed
for defining strains at >99.5% identity (Rodriguez-R et al. 2023). The appeal of this definition lies in its precision and ease of
measurement with modern sequencing technologies. However, the choice of a 99.5% threshold is ultimately arbitrary—why
not 99.4% or 99.6%? Furthermore, it is unlikely that a single universal threshold applies across all microbial species, as genome
divergence rates and recombination frequencies vary widely. This inherent subjectivity means that while ANI provides a use-
ful operational definition, it does not necessarily capture meaningful ecological or functional differences between strains.

o ...they have identical 16S/18S rRNA sequences but differ elsewhere in their genomes. This definition provides a simple and oper-
ationally convenient way to distinguish strains from more distantly related taxa, as rRNA sequences are widely used for broad
taxonomic classification. However, it is unclear how much genomic divergence is permissible before two organisms should no
longer be considered the same strain—differences could range from a single nucleotide polymorphism to substantial genomic
rearrangements.

This is by no means an exhaustive list of definitions, but regardless of which definition one adopts, the framework explored in this
review can help assess and contextualise microbial diversity at the strain level.

While this may be intuitive, rigorously quantifying and defining
what makes a niche remains an unsolved problem in ecology.
We have no general way to identify which resources can contrib-
ute to niches and how many niches are present in a particular
environment (Martiny et al. 2015; Holt 2009) and, as a result,
we cannot predict a priori how much coexistence we expect in
a given environment due only to niche diversity. Nevertheless,
recent studies have invoked various niche-based mechanisms
that attempt to quantitatively explain strain coexistence. These
mechanisms can be classified based on the three broad catego-
ries of resources that provide niches: nutrients, time, and space.

2.1 | Nutrients as Niches

Competition between organisms for nutrients—whether it
be carbon-containing compounds (Machado et al. 2021; Ho
et al. 2024), nitrogen sources (Zhou et al. 2017; Jones et al. 2018),
or even wavelengths of light (Stomp et al. 2007; Chen and
Blankenship 2011; Holtrop et al. 2021)—is amongst the most
widely studied components of niche theory. Variation in nu-
trient preferences and utilisation strategies is necessary to en-
able coexistence, since niche theories place strict limits on how

similar the metabolic abilities and growth behaviours can be
for species to coexist (MacArthur and Levins 1967). Microbial
species with completely non-overlapping nutrient requirements
can easily coexist, whereas nearly identical requirements will
force the slightly more competitive species to competitively ex-
clude the others. Between these two extremes may lie a thresh-
old of ‘limiting similarity’ (MacArthur and Levins 1967) where
the minimal differences in nutrient preferences exist to allow
coexistence, though the threshold is not strict (Abrams 1975;
Roughgarden 1974). This is related to the idea of stabilising
mechanisms in modern coexistence theory, where reduc-
ing niche overlap promotes coexistence (Letten et al. 2017;
Chesson 2000). However, how can different nutrient consump-
tion preferences emerge from organisms that are almost geneti-
cally identical? Recent work has highlighted that nutrient-based
competition may indeed be an important force enabling coexis-
tence between strains, with three key mechanisms promoting
coexistence: diversity in metabolic abilities, shared physiologi-
cal constraints, and anti-symmetric interactions via, for exam-
ple, phage predation.

Recent work suggests that despite strong genetic similarities,
closely related strains might indeed have different nutrient
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niche-based mechanisms

Niches are not infinitely divisible.

How do we quantitatively account for high strain diversity, but limited niche diversity?

(A) ‘ nutrient diversity

@L = Strains can have different nutrient preferences, hierarchies,
and abilities to consume secreted metabolic byproducts.

. Strain-level diversity far exceeds plausible nutrient diversity,
caveat 5 : . .
meaning strains must compete in the same niche.

(B) ‘ physiological tradeoffs
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enzyme
budget
non-
metabolic
enzyme
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> 7
=
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Tradeoffs in enzyme budgeting can yield strains with different
metabolic abilities but identical fitness, allowing coexistence.

——
Enzyme budgets and tradeoffs must be identical between strains.
caveat . . . .
Any differences will alter fitness, abrogating coexistence.
@
= =

€ ‘ anti-symmetric interactions

Q@%

Variation in susceptibility to phage predation
can indirectly benefit other community members.

g A S
"/ W High genetic similarity between strains makes broadly
¥ impactful differences in susceptibility improbable.

(D) ‘ spatiotemporal dynamics

Compartmentalization in either space or time can lead to space-
and time-averaged apparent coexistence.

Space is often limited and temporal dynamics are often
stochastic, making robust compartmentalization difficult.

FIGURE 2 | Niche-based mechanisms of strain-level coexistence. Through schematics, we highlight the four key niche-based mechanisms that

have been suggested to contribute to strain coexistence in microbial communities. For each mechanism, we provide the major takeaway and caveat

that may spur future work.

preferences and metabolic abilities (Figure 2A). For example,
lab-domesticated microbial communities isolated from pitcher
plants show patterns where strains with genomes differing by
only 100 bases (99.99% genomic similarity) coexist over hun-
dreds of generations with nearly uncorrelated dynamics (Goyal
et al. 2022). At a genomic level, these strains primarily differ
through mutations in transporters and metabolic enzymes/reg-
ulators, supporting the idea that strains can diversify in nutrient
preferences. Similar behaviour has been observed in the Long-
Term Evolution Experiment (LTEE (Lenski 2023)) where clonal
Escherichia coli populations have been evolving in a fixed en-
vironment for 75,000 generations (and counting). At a genetic
level, different E. coli variants have routinely lost the ability to
metabolise a variety of substrates they never encounter (Leiby
and Marx 2014; Favate et al. 2022), typically by the deletion or
significantly reduced expression of different transporters. As
each variant has evolved from a single ancestor, it is reason-
able to assume that at any time, different lineages possess dif-
ferent metabolic abilities, and that this can affect the evolution

of the population (Balakrishnan and Cremer 2023). There is a
limit, however, to how different these abilities can be, consid-
ering they maintain nearly identical genomes and it is difficult
to rationalise how this limited variation in metabolic abilities
and preferences can explain more than a handful of strains co-
existing at any given time (Fridman et al. 2022). Addressing this
question rigorously requires quantifying genotype—phenotype
maps for natural strains in community contexts—something
that is challenging and can only be achieved via a combination
of high-throughput measurements and physiological modelling.

The likelihood of coexistence may be increased when account-
ing for cross-feeding: the utilisation of metabolic waste prod-
ucts secreted by other community members (Fritts et al. 2021;
Mee et al. 2014). At the strain level, this requires diversification
into metabolically complementary types. The de novo emer-
gence of cross-feeding from an isogenic population has emerged
in the LTEE system (Rozen and Lenski 2000) where two
major clades of strains coexist over at least 50,000 generations
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(A) neutral mechanisms

At what genetic, spatial, and temporal scales do neutral mechanisms affect coexistence?

Dynamics are not always dependent on fitness - random chance can overwhelm competition.

Random chance effects matter only in small population size regimes.

‘ migration ‘

(B) evolutionary mechanisms

‘ stochastic events ‘
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wmm How plastic are genomes over ecological timescales, and how widespread is horizontal transfer
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in nature?

Unlike species, new strains can emerge in communities de novo on ecologically relevant time scales.

caveat Strains must originate as single cells and must overcome neutral mechanisms to establish.

‘ mutation

‘ horizontal transfer

FIGURE 3 | Neutral and evolutionary mechanisms of strain-level coexistence. Through schematics, we highlight the two key neutral-based and
two key evolutionary mechanisms that have been suggested to contribute to strain coexistence in microbial communities. For each mechanism, we

provide a major open question, takeaway and caveat that may spur future work.

(Figure 1B, left). One clade consumes glucose in the environ-
ment and secretes acetate as a metabolic byproduct. A second
clade then consumes this acetate to grow. This produces neg-
ative frequency-dependent stabilising selection between the
two clades, permitting coexistence. Recent theory and genomic
studies suggest that cross-feeding should be common (Goldford
et al. 2018; Marsland et al. 2019; Goyal and Maslov 2018; Goyal
and Krishna 2022; D'Souza et al. 2014; Kost et al. 2023) and its ef-
fect has been inferred in experimental studies (Sung et al. 2017;
Culp et al. 2024; Pande et al. 2014). This is perhaps not too sur-
prising given the molecular complexity within microbial metab-
olomes, yet it is difficult to imagine each metabolite producing
a new niche for another strain. As of this writing, we only have
a quantitative picture of the extracellular metabolite pools in a
handful of contexts (Douglas 2020). Expanding our understand-
ing of these pools in more contexts is crucial to understand the
role that cross-feeding plays in promoting coexistence in natural
environments. The widespread use of metabolic byproducts as
nutrients would also, presumably, require systems to be spatially
mixed, which is not the case in many natural systems.

Even if strains have the same set of metabolic genes, trade-offs
in how they are expressed can be sufficient to permit coexis-
tence (Figure 2B) by equalising fitness differences between
them (Letten et al. 2017; Chesson 2000) These trade-offs
can manifest due to a fixed cellular budget allocated towards

metabolic enzymes (Posfai et al. 2017; Taillefumier et al. 2017).
Increasing consumption of a nutrient requires expressing more
metabolic components (such as specific enzymes or transport-
ers), yet at the cost of making less of another. Such resource allo-
cation has been deeply explored at theoretical and experimental
levels (Scott et al. 2010, 2014; Sheng et al. 2015; Mori et al. 2021;
Chure and Cremer 2023), making such tight control of enzymes
budgets physiologically plausible. Modelling the collective dy-
namics of strains with different metabolic capabilities, but the
same enzyme budget, has revealed that an infinite number of
strains can coexist on a finite number of nutrients held at par-
ticular ratiometric values (Goyal et al. 2022; Posfai et al. 2017;
Tikhonov and Monasson 2017). While such balancing of the en-
vironment and the strain-level metabolic budgets permits broad
coexistence, it is incredibly fragile; if even one strain increases
its fixed enzyme budget, the neutrality is broken and the co-
existent community shatters (Posfai et al. 2017; Tikhonov and
Monasson 2017). This can occur from stochastic physiological
variation in gene expression (Sanchez et al. 2013), meaning that
genetic variation is not necessarily needed to surpass this fragile
barrier.

Finally, differences in susceptibility to viral (phage) predation
can create the anti-symmetric interactions between strains
necessary for coexistence (Figure 2C). A modality common to
all microbial viruses is the extracellular attachment to specific
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proteins, permitting injection of genetic material into the cell.
Bacterial strains can rapidly diversify in these receptors, leading
to different phage binding affinities even with a single mutation.
A strain that ‘absorbs’ a phage predator better than a closely re-
lated cousin will thus effectively promote its cousin's growth but
hinder its own. Modelling the dynamics of a large number of
these rapidly evolving strains leads to their coexistence that is
maintained by huge fluctuations in strain populations across
space and time (Pearce et al. 2020; Mahadevan et al. 2023).
The growth of one strain comes with the death of another, but
as a growing strain becomes more abundant, it is more likely
to be infected even with a lower binding affinity. This leads to
a continuous cycle of growth and death that can maintain sev-
eral closely related strains. These dynamics are intriguing, but
tracking and confirming them experimentally has remained an
enormous challenge. It also remains quantitatively unclear how
strong anti-symmetric interactions must be to yield broad coex-
istence between many strains.

2.2 | Space and Time as Niches

Most models of nutrient-based niche competition examine a
steady-state regime where the environment is static and the
community members grow at a rate comparable to the rate of
nutrient inflow, similar to a chemostat (Goldford et al. 2018;
Marsland et al. 2019; Goyal 2018). While this has been a remark-
ably powerful regime to explore experimental systems, they are
hardly reflective of natural systems which almost always ex-
perience fluctuations in both space and time. In a steady-state
environment, resource concentrations stay pinned to specific
values and strains that cannot grow at these concentrations
go extinct (Tilman 1982). In time-varying environments, how-
ever, resource concentrations are dynamic and, in essence,
provide new niches for microbes to occupy and exploit (Wang
et al. 2021). Time variation can thus create ‘satellite niches’ that
can allow closely related strains to coexist (Fridman et al. 2022;
Wang et al. 2021). Indeed, if strains have a trade-off between
their growth rates at high and low resource concentrations, they
are more likely to coexist. Even in the absence of such a trade-off
(Fink et al. 2023), these computational studies show that coexis-
tence is still possible, and a trade-off between surviving strains
still emerges (Wang et al. 2021), but the number of strains that
can coexist significantly diminishes, typically limited to only a
few of the same species.

Changes in nutrient concentrations can either be systematic and
predictable, as in a serially diluted batch culture (Lenski 2023),
or stochastic and uncertain, as in naturalistic environments with
feast-and-famine cycles (Madsen 2011; Sokol et al. 2022). In the
former, nutrient concentrations decrease over a dilution cycle as
strains grow by depleting the initially supplied nutrients. Such
time variation typically allows the linear scaling of the num-
ber of coexisting species with the number of nutrients. Models
of the latter scenario, however, suggest a quadratic scaling—a
significant increase in the number of coexisting species per nu-
trient (Bloxham et al. 2024). It remains unclear whether these
scaling relationships hold at the level of strains where physio-
logical differences and nutrient preferences are less divergent.
In general, one would expect more environmental variability to
promote coexistence since it would allow otherwise dying strain

populations to transiently grow in periods of time that favour
their growth, delaying their time to extinction.

Time-varying environments can also promote strain coex-
istence not just via changing nutrient concentrations, but
also dynamic environmental stressors such as toxins (Culp
et al. 2024), pH (Ratzke et al. 2020), temperature (Abreu
et al. 2023) or salinity (Talley 2002). Changes in these stress-
ors, either due to extrinsic factors or intrinsic community me-
tabolism, can induce periods of growth, no growth and even
death for strains. If closely related strains respond differently to
these stressors due to rapidly evolving physiological responses,
their net growth may be balanced on average, enabling coexis-
tence. Observations from pairs of marine microbial species act
as a proof of concept for this mechanism (Yawata et al. 2014),
however, similar evidence for closely related strains is ab-
sent. Confounding this detection is dormancy—the ability for
strains to enter non-growing yet non-dead quiescent states that
can persist for very long periods of time. Recent game-theoretic
work (Nevermann et al. 2024) has shown that nucleation of
dormant states can yield elevated and temporally stable states
of diversity. While the formation of endospores and ‘persister’
cells has been studied extensively at the molecular and physio-
logical levels, quantifying the role they may play in ecological
diversity remains poorly understood.

Strains may also coexist by self-organising in space, creating
spatial refuges to avoid competition or patterns to enhance co-
operation. Studies that domesticate communities in microflu-
idic chambers show that obligately cross-feeding E. coli strains
exchange metabolites over short distances (a few microns), and
self-organise to maintain inter-strain distances within this
range (Dal Co et al. 2020). Similar self-organisation is seen with
yeast strains in petri dishes (Varahan et al. 2019). Here, yeast
strains are isogenic, but show two switchable phenotypes: a gly-
colytic and a gluconeogenic one, which cross-feeds sugars to the
former efficiently due to specific spatial structuring. These two
strains may thus continue to coexist due to this spatial structure,
and diversify along other genomic axes. Furthermore, spatially
separated bacterial communities have been shown to coexist by
sharing resources in time (Liu et al. 2017).

In addition to nutrients, spatially structured environments can
enable coexistence due to trade-offs between competition and
colonisation ability (Miller et al. 2024; Ebrahimi et al. 2022).
E. coli strains from the human gut that cannot coexist in well-
mixed test tubes can nevertheless coexist on agar plates since
the slower-growing strain can evade competition due to faster
motility (Gude et al. 2020). Similarly, modelling shows that
strains varying only in their foraging ability—their detachment
rates from sinking organic particles in the oceans—can also co-
exist due to a trade-off between growth and death (Ebrahimi
et al. 2022). Slower-detaching strains would grow better on each
particle, but also suffer more death due to nutrient exhaustion or
predation by phases. Faster-detaching strains would grow more
slowly since they would leave particles early (therefore giving
up nutrients), but suffer less death from predators or starvation.
The distribution of organic particles in the oceans could thus
provide the patchy spatial structure necessary for coexistence
of even closely related strains with slightly different foraging
strategies.
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3 | Neutral Mechanisms

The mechanisms proposed in Figure 2 assume that coexis-
tence emerges from strong, selectable differences in physi-
ology. However, how much coexistence can be explained by
neutral mechanisms such as migration and stochasticity alone
(Azaele et al. 2016; Hubbell 2011; Grilli 2020; Kimura 1979)
(Figure 3A)? Phenotypically identical strains could show ran-
dom, uncorrelated population fluctuations simply if their dy-
namics were subject only to stochasticity in birth and death
rates, or due to sampling noise. However, such neutrality would
leave behind testable signatures in the statistics of abundance
fluctuations, with the strength (variance) of population fluctu-
ations scaling linearly with the population size (Hubbell 2011;
Good et al. 2018). Large populations would thus be expected to
show only weak fluctuations due to neutrality, which is testable
from dynamical data. Furthermore, any apparent strain coex-
istence arising from neutrality would be transient, with no sta-
bilising selection acting to counterbalance a strain on the brink
of extinction. Thus, co-occurring strains at low abundances
would be far more likely to go extinct at long times than more
abundant strains. This could also create testable patterns in
data about divergence times of coexisting strains. In addition to
transient dynamics, strains in different communities might be
able to better establish if they arise or arrive earlier than others
(Fukami 2015; Bittleston et al. 2020). Such effects of histori-
cal contingencies, known as priority effects, have been widely
studied in ecology, but have remained unexplored for closely
related strains.

Such signatures serve as null models to rule out neutral coexis-
tence. Strain dynamics data have indeed been used to rule out
neutral coexistence in several cases such as in the human gut
microbiome (Garud et al. 2019), and in microbial mats (Rosen
et al. 2015). Data from facial skin pores, however, provide one of
the few known pieces of evidence consistent with neutrality. Co-
occurrence patterns from lineages of Cutibacterium acnes and
Staphylococcus epidermidis suggest that these strains coexist
neutrally (Conwill et al. 2022), painting a picture of phenotypi-
cally indistinguishable strains migrating across a large network
of skin pores and potentially coexisting via stochastic dynamics.

4 | Evolutionary Mechanisms

We have focused on the ecological dynamics of extant strains
in a community, but where do they come from? Unlike different
species—whose presence necessarily results from immigration
into a community—strains have a much larger probability of
emerging de novo within the community. Evolutionary forces,
namely mutation and recombination through horizontal gene
transfer (Figure 3B), very likely command strain-level diversity
visible within communities (Frazao et al. 2022). Though muta-
tion rates are small (~107''-10% per bp per generation; Wielgoss
et al. 2011; Drake et al. 1998), the short generation times and
large population sizes of microbes makes rapid diversification
through mutation a reality. Recently, it has been empirically
demonstrated that genome-wide differences as few as 100 SNPs
can be sufficient for strains to exhibit independent ecological
dynamics in natural environments (Goyal et al. 2022). With ge-
nomes on the order of a few million bases, such diversity can

emerge within a few hundred to a thousand generations, on the
order of a few months assuming modest growth rates.

However, mutation via single base pair substitutions is often not
rapid or severe enough to permanently alter the gene content,
gene dosage, or functional landscape of strain-level diversity.
While microbes are typically asexual, genome content can be
recombined through the horizontal transfer of genetic mate-
rial ranging from entire gene cassettes and operons to short,
regulatory regions. There are many routes by which this can
occur-such as conjugation, phage-mediated transduction and
others-with varying degrees of rarity (Arnold et al. 2022). Of
key interest is natural transformation through competence, the
direct uptake of DNA from the environment. Species that can
do so are termed ‘competent’ and express a bevy of proteins
that facilitate the direct binding of DNA in the environment,
its translocation into the cytoplasm and its integration into the
chromosome. This mechanism is widespread across the bacte-
rial domain (Johnston et al. 2014) but requires the presence of
specialised macromolecular structures. Many competent bacte-
ria integrate the exogenously acquired DNA into their own ge-
nomes, either through random or homologous recombination.
This may play a critical role in the sharing and swapping of
genomic content between strains as the vast majority of their
genomic sequences will be identical. This, however, makes its
detection and quantification in natural communities much more
difficult, though not theoretically impossible (Adato et al. 2015).
Doing so will likely require new bioinformatic tools to detect
statistical differences between mutation and horizontal transfer
in highly similar genomes.

It is important to note that all of these mechanisms are not
limited solely to strain-strain transfer. Horizontal transfer can
happen between species and even further up the tree of life. As
a consequence, whether recombination can diversify a commu-
nity rather than homogenise it is dependent on the diversity of
the DNA content in the environment that can be passed around.
For example, recent work within cyanobacterial communities
of geothermal hotsprings has shown that strain diversity has
been strongly reduced through the constant swapping of ge-
nome content through Horizontal Gene Transfer (HGT) (Birzu
et al. 2023). This is likely due to the remarkably narrow spatial
thermal niches present in these environments, resulting in free
DNA that is already highly similar. Conversely, HGT within
less spatially restricted environments has been shown to yield
highly diverse genomes (Woods et al. 2020).

5 | Conclusion

How and why different types of organisms coexist in a shared
ecosystem has long been a central question in ecology. There
are varied mechanisms by which biodiversity is maintained
across taxonomic levels, many of which rely on the occupation
of different niches. However, these mechanisms begin to break
down when we probe the microbial world, where there is abun-
dant, temporally stable diversity even at the level of individual
strains with marginal genetic diversity. Here, we have high-
lighted some ideas for how closely related strains could coexist
via niche-based mechanisms (metabolic diversity, physiologi-
cal trade-offs, anti-symmetric interactions, and spatiotemporal
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dynamics), neutral mechanisms (migration and stochasticity)
and evolutionary mechanisms (mutation and HGT). We stress
that these mechanisms should be considered proposals which
are lacking concrete demonstration for strain-level coexistence
in natural or laboratory communities. Experimentally demon-
strating these mechanisms as forces behind the coexistence
of closely related strains is absolutely critical. Moreover, these
mechanisms should be considered collectively to explain coex-
istence—anyone in isolation is likely insufficient to quantita-
tively match observation. Doing so opens a variety of fascinating
questions: How important are dynamics versus steady states for
coexistence? Can communities with population fluctuations due
to time-varying environments or strong community interactions
promote strain coexistence when averaged over time? What are
the rates of HGT and generation of microdiversity in natural
microbial communities, and how do they balance the rates at
which diversity is lost? Are there robust generic mechanisms
that can make closely related strains effectively neutral? If so,
how can they be tested? Answering these questions not only de-
mands novel theory and experiments; it demands their dialogue.

At a theoretical level, we must have a pragmatic view of what
encompasses coexistence in natural ecosystems, delineating be-
tween the ‘hard’ mathematical definition and the ‘soft’ definition
which is applicable to realistic conditions. This applies to all eco-
logical subjects—from forests to grasslands to tide pools—but is
even more relevant for the microbial world where physiological
differences are often small and generation times are short. At
a theoretical level, coexistence can be defined as the continual
presence of at least two distinguishable organisms across an in-
finite time span. While mathematically rigorous, this is hardly
applicable to reality. For example, say there exists an ecosystem
where two strains compete with a vanishingly small, but non-
zero, fitness difference between them. While it may take longer
than the age of the universe for one species to outcompete the
other (i.e., failing the ‘hard’ definition), we can say that the two
strains effectively coexist, at least over the ecologically and evolu-
tionary relevant time scales (i.e., satisfying the ‘soft’ definition)
(Louca and Doebeli 2016; Martiny et al. 2023). Unlike ‘hard’ co-
existence, there is no one definition for ‘soft’ coexistence, and
the relevant temporal regimes will be highly contextual to the
particular ecosystem of study, encompassing the timescales of
both the environmental fluctuations and the tempo of evolution
in the community. Finding this definition therefore requires a
holistic knowledge of the various relevant timescales, knowl-
edge that can only come from direct measurement.

On the experimental side, we need targeted observations of
strain dynamics at higher temporal and genetic resolution.
While current metagenomic snapshots have revealed tremen-
dous diversity, several key experiments could quantitatively test
predictions about these coexistence mechanisms. First, intro-
ducing known strains (with known or engineered phenotypes)
into natural or synthetic communities as ‘tracer particles’ may
reveal the relative strength of neutral versus competitive mech-
anisms in maintaining microdiversity. Doing so may allow us to
infer ecological dynamics within specific microbial demograph-
ics without requiring high-cost deep metagenomic sequencing.
Second, deep metagenomic long-read sequencing of natural
communities over time would enable estimation of distributions
of strain interactions, testing whether observed interactions are

more stabilising than predicted by random community assem-
bly. Third, systematic measurements of physiological param-
eters across strains—including growth rates, half-saturation
constants and yield coefficients—coupled with modern ge-
nomic sequencing methods would allow direct comparison with
the diversity bounds predicted by resource competition theory.
Importantly, this will permit us to construct meaningful maps
between genotype and metabolic phenotype, which can be in-
tegrated with measurements of environmental contexts to bet-
ter understand the expected levels of strain-level coexistence.
Fourth, experiments applying controlled environmental pertur-
bations (e.g., temperature shocks, antibiotic pressures, or nutri-
ent fluctuations) could reveal correlations in strain abundances
before and after community collapse, helping understand the
intricate networks of ecological interactions between strains.
Any clustering in such networks would reflect underlying com-
petition, metabolic dependencies or cross-feeding relationships
between strains in communities. Finally, quantification of hor-
izontal gene transfer rates in nature would significantly aid in
our understanding of its ecological importance. These experi-
mental advances, combined with theoretical developments in
modelling genotype-phenotype relationships, will be essential
for understanding the mechanisms enabling the remarkable
strain-level diversity observed in microbial communities.

6 | Outlook

At first, strain coexistence might seem an incremental problem,
one that is qualitatively similar to species coexistence. This was
indeed our viewpoint when we started to collect the current
state of the field on mechanisms of strain coexistence. Writing it,
however, forced our viewpoint to drastically change. Strain co-
existence is in fact a qualitatively distinct problem that severely
challenges current ecological theory. The dominant frameworks
to explain coexistence, when put together, are either fragile or
numerically insufficient. For instance, a general conceptual
prediction of niche theory is that the finer the differences be-
tween species get, the harder it is for them to coexist. However,
with strains we seem to be in the opposite regime: the finer we
look, the more coexistence we see. One could expect that all of
these mechanisms are independent, meaning that they multi-
ply to numerically explain the observed diversity. However, de-
cades of ecological theory and experimental dissection reveals
that mechanisms are rarely independent (Fridman et al. 2022;
Marsland et al. 2019; Tilman 1982; Feng et al. 2024; Dubinkina
et al. 2019), and, as a consequence, their explanatory powers
sum rather than multiply. This leaves a quantitative mismatch
between the amount of diversity we see and the theoretical max-
imum we can compute, making the problem of microdiversity
much more pronounced. Incremental improvements—such as
finding or counting a few more niches here and there—will
not solve this issue and we can either accept this as a challenge
never to be overcome, or acknowledge the urgent need for a
new theoretical framework to explain microdiversity. Such new
frameworks might for instance allow distinct, orthogonal mech-
anisms to multiply their contributions to diversity, providing
new insights and opportunities to greatly promote coexistence.
In our opinion, this is the first time since the formulation of the
problem of diversity that we have a grand conceptual challenge.
The answer to microdiversity is unlikely to be finding ways
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to ‘count niches better’. There need to be new frameworks for
thinking about coexistence. Beyond new theory, quantitatively
accounting for coexistence demands new, creative microbiolog-
ical experiments and field work to test them. A truly interdisci-
plinary effort is required to solve this problem. Otherwise, we
will remain in a tennis match between making new observa-
tions and inventing new niches to explain them away.
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