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Microbial communities can evade competitive exclusion by diver-
sifying into distinct ecological niches. This spontaneous diversifi-
cation often occurs amid a backdrop of directional selection on
other microbial traits, where competitive exclusion would nor-
mally apply. Yet despite their empirical relevance, little is known
about how diversification and directional selection combine to
determine the ecological and evolutionary dynamics within a
community. To address this gap, we introduce a simple, empiri-
cally motivated model of eco-evolutionary feedback based on the
competition for substitutable resources. Individuals acquire heri-
table mutations that alter resource uptake rates, either by shifting
metabolic effort between resources or by increasing the overall
growth rate. While these constitutively beneficial mutations are
trivially favored to invade, we show that the accumulated fitness
differences can dramatically influence the ecological structure and
evolutionary dynamics that emerge within the community. Com-
petition between ecological diversification and ongoing fitness
evolution leads to a state of diversification-selection balance, in
which the number of extant ecotypes can be pinned below the
maximum capacity of the ecosystem, while the ecotype frequen-
cies and genealogies are constantly in flux. Interestingly, we find
that fitness differences generate emergent selection pressures to
shift metabolic effort toward resources with lower effective com-
petition, even in saturated ecosystems. We argue that similar
dynamical features should emerge in a wide range of models with
a mixture of directional and diversifying selection.

resource competition | asexual evolution | coexistence

E cological diversification and competitive exclusion are oppos-
ing evolutionary forces. Conventional wisdom suggests that
most new mutations are subject to competitive exclusion, while
ecological diversification occurs only under highly specialized
conditions (1). Recent empirical evidence from microbial, plant,
and animal populations has started to challenge this assump-
tion, suggesting that the breakdown of competitive exclusion is
a more common and malleable process than is often assumed
(2-4). Particularly striking examples have been observed in labo-
ratory evolution experiments, in which primitive forms of ecology
evolve from a single ancestor over years (5), months (6), and even
days (7).

In the simplest cases, the population splits into a pair of lin-
eages, or “ecotypes,” that stably coexist with each other due
to frequency-dependent selection, leading to a breakdown of
competitive exclusion (5, 6, 8-10). The mechanism of coexis-
tence can often be traced to differences in resource utilization
or to the accessibility of privileged spatial or temporal niches.
Interestingly, these microbes rarely cease their evolution once
ecological diversification has been achieved. Sequencing stud-
ies have shown that adaptive mutations continue to accumulate
within each ecotype, even when population-wide fixations are
rare (11-13). This additional evolution can cause the ecologi-
cal equilibrium to wander over longer timescales, as observed in
the shifting population frequencies of the two ecotypes (5, 13).

www.pnas.org/cgi/doi/10.1073/pnas.1807530115

In certain cases, these evolutionary perturbations can even drive
one of the original lineages to extinction, either through the out-
right elimination of the niche (9) or by the invasion of individuals
that mutate from the opposing ecotype (12).

Pairwise coexistence is the simplest form of community struc-
ture, but similar dynamics have been observed in more complex
communities as well. Some laboratory experiments diversify into
three or more ecotypes (7, 14, 15), and it is likely that previously
undetected ecotypes may be present in existing experiments (13).
Moreover, many natural microbial populations evolve in com-
munities with tens or hundreds of ecotypes engaged in various
degrees of competition and coexistence (16-18). Although the
evolutionary dynamics within these communities are less well
characterized, recent work suggests that similar short-term evo-
lutionary processes can occur in these natural populations as well
(19-21).

While the interactions between microbial adaptation and ecol-
ogy are known to be important empirically, our theoretical
understanding of this process remains limited in comparison.
Early work in the field of adaptive dynamics (22) showed how
ecological diversification emerges under very general models
of frequency-dependent trait evolution, which are thought to
describe the limiting behavior of a wide class of ecological inter-
actions near the point of diversification. Numerous studies have
also investigated the effects of evolution on ecological diversi-
fication and stability using computer simulations, in which the
parameters of a particular ecological model are allowed to evolve
over time (23-29). Yet while both approaches can reproduce
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sion by exploiting a different ecological niche. Both types
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some of the qualitative behaviors observed in experiments, it has
been difficult to forge a more quantitative connection between
these models and the large amount of molecular data that is now
available.

One reason that quantitative comparisons have been difficult
is that evolution also selects for other traits that are not directly
involved in diversification. For example, natural selection always
works to maintain essential cellular functions, and there may
be a benefit to removing costly functions that are not needed
in the current environment. As a result, mutations that influ-
ence an ecologically relevant phenotype like acetate metabolism
might have to compete with constitutively beneficial mutations
that are only tangentially related to metabolism [e.g., the loss
of the yeast mating pathway (30)]. In some experiments, these
constitutively beneficial mutations may even compose the bulk
of the mutations that reach observable frequencies (12, 13, 31).
Although many models exist for describing constitutively benefi-
cial or deleterious mutations in the absence of ecology (32), we
lack even a basic theoretical understanding of how they behave
when they are linked to ecological phenotypes and vice versa.
The absence of quantitative theoretical predictions makes it dif-
ficult to draw any inferences from the vast molecular data that
are now available.

To start to bridge this gap, we introduce a simple, empirically
motivated model that describes the interplay between ecologi-
cal diversification and directional selection at a large number of
linked loci. The ecological interactions derive from a well-studied
class of consumer resource models (33-36), in which individu-
als compete for multiple substitutable resources (e.g., different
carbon sources) in a well-mixed environment. We extend this
ecological model to allow for heritable mutations in resource

A Competition for R resources

uptake rates, which can either divert metabolic effort between
resources or increase the growth rate on all resources. The latter
class of mutations provides a natural way to model adaptation at
linked genomic loci.

Constitutively beneficial mutations might seem like an ecolog-
ically trivial addition to the model, since they are always favored
to invade on short timescales. On longer timescales, however,
we show that these accumulated fitness differences can dramati-
cally influence both the ecological structure and the evolutionary
dynamics that take place within the community. By focusing on
the weak mutation limit, we derive analytical expressions for
these dynamics in the two-resource case, and we show how our
results extend to larger communities as well. These analytical
results provide a general framework for integrating ecological
and population-genetic processes in evolving microbial com-
munities and suggest ways in which these processes might be
inferred from time-resolved molecular data.

Evolutionary Model of Resource Competition

To investigate the interactions between ecological diversification
and directional selection, we focus on a simple ecological model
in which individuals compete for an assortment of externally
supplied resources in a well-mixed, chemostat-like environment
(Fig. 1). This resource-based model aims to capture some of
the key ecological features observed in certain microbial evo-
lution experiments (5, 8), as well as more complex ecosystems
such as the gut microbiome (18), while remaining as analytically
tractable as possible.

In our idealized setting, individuals compete for R substi-
tutable resources, which are supplied by the environment at
fixed rates (Fig. 1). Individuals are characterized by a resource
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Fig. 1. Ecological and evolutionary dynamics in a simplified consumer-resource model. (A) Schematic depiction of ecological dynamics. Substitutable
resources are supplied to the chemostat at constant rates 3; (i=1,...,R), measured in units of biomass (3_; 3; =1). Cells import resources at geneti-

cally encoded rates, r;, which define a normalized resource strategy o; =r;/ Z/. rj and overall fitness X =log >_, ri. (B) Schematic depiction of evolutionary
dynamics. Mutations that alter resource strategies (@) occur at rate U,, while mutations that alter overall fitness (X) occur at rate Ux. (C-F) Simulated
ecological and evolutionary dynamics, starting from a clonal ancestor, in an environment with R =2 resources. C-F represent independent populations
evolved under different sets of parameters, which differ only in the mutation rates and fitness benefits of pure fitness mutations (S/ Appendix, section 5.1).
Lines denote the population frequency trajectories of all mutations that reached frequency >10% in at least one time point. Resource strategy mutations

are shown in red, while pure fitness mutations are shown in blue.

E10408 | www.pnas.org/cgi/doi/10.1073/pnas.1807530115

Good et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807530115/-/DCSupplemental
http://www.pnas.org/cgi/doi/10.1073/pnas.1807530115

L T

/

1\

=y

Downloaded by guest on November 23, 2020

utilization vector 7= (r4, ..., R ), which describes how well they
can grow on each of the resources. We assume that the resource
utilization phenotypes are constitutively expressed, so that we
may neglect complicating factors like regulation. We find it use-
ful to decompose the phenotype 7 into a normalized portion
ai=r;/3 ;7 and an overall magnitude X =log(>_, ri). The
components of «,,; represent the fractional effort devoted
to growth on resource i, so we refer to this quantity as the
“resource strategy vector.” In contrast, the parameter X resem-
bles an environment-independent measure of “overall fitness,”
an analogy that we make more precise below.

We assume that individuals reproduce asexually, so that the
state of the ecosystem can be described by the number of indi-
viduals n,, with a given resource strategy vector &, and fitness
X,.. Under suitable assumptions, the ecosystem can be described
by the stochastic differential equation,

R
Ofy Z X —X;(t) u(?)
s — Qi [e R =1 fu + s 1]
ot~ VN
where N is a fixed carrying capacity, f, =n./N is the relative
frequency of strain u, and £,(t) is a stochastic contribution aris-
ing from genetic drift (SI Appendix, section 1.1). The state of
the environment is encoded by the set of resource-specific mean

fitnesses,
_ a ieX“
Xi(t)=log (W : 2]

where 3, denotes the fractional flux supplied by resource i. Eq.
1 is an example of a more general and well-studied class of
consumer-resource models introduced by refs. 33 and 37, whose
ecological properties have been explored in several recent works
(34-306).

However, the essential features of Eq. 1 are not limited to this
consumer-resource framing. In ST Appendix, section 1.4, we argue
that Eq. 1 captures the limiting behavior of a much larger class
of models in the limit that X, and X; are both small compared
with one. In this case, we can expand the exponential in Eq. 1 to
obtain the lowest-order contribution,

Ofu

R
E ~ Zau,z [XH _Yi(t)]fu + €u(t)

VN

When R =1, we recover the standard Wright-Fisher model of
population genetics (38), with its logistic growth function, 9, f, =
(X, — X)f,. The parameter X, coincides with the standard
measure of (log) fitness. In the presence of multiple resources,
Eq. 3 can be regarded as the simplest generalization of the
Wright-Fisher model that incorporates multiple fitness dimen-
sions. From an ecological perspective, Eq. 3 can also be viewed
as a special version of the Lotka—Volterra model that arises when
the interactions between strains are mediated by R intensive
variables (the resource-specific mean fitnesses, X ;). This is an
important simplification: Although there is no closed-form solu-
tion for f, (¢t) when R > 1, Eq. 1 still possesses a convex Lyapunov
function (SI Appendix, section 1.2), which implies that f,, (¢) must
approach a unique and stable equilibrium at long times.

The ecological model in Eq. 1 describes only the competition
between a fixed set of strains. To incorporate evolution, we also
allow for new strains to be created through the process of muta-
tion. We show that it is useful to distinguish between two broad
classes of mutations. The first class consists of mutations that
alter an individual’s resource uptake strategy (“strategy muta-
tions”). For simplicity, we assume that these mutations consti-
tute a perfect tradeoff, so that the overall fitness X remains
unchanged (although we eventually relax this assumption below).

. [31
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We assume that strategy mutations occur at a per-genome rate
U, and result in a new resource strategy @' drawn from some
distribution p, (&' | &@). In addition to strategy mutations, we con-
sider a second class of “pure fitness mutations,” which alter the
overall fitness X but leave the resource strategy & unchanged.
These mutations capture the effects of directional selection at a
large number of other loci throughout the genome, which may be
only tangentially related to the resource utilization strategy. We
assume that these fitness mutations arise at a per-genome rate
Ux and that they increment X by an amount s drawn from the
distribution of fitness effects, px (s). For simplicity, we assume
that there is no macroscopic epistasis for fitness (39), so that
px () remains the same for all genetic backgrounds.

We note that this division into fitness and strategy mutations is
neither exhaustive nor unambiguous. Some changes in resource
strategy may also incur a fitness cost, and one can simulate a pure
fitness mutation by shifting metabolic effort away from resources
that are not present in the current environment (i.e., those with
Bi =0). Nevertheless, considering these idealized cases as our
fundamental axes will prove to be a useful conceptual tool, which
provides additional insight into the behavior of our model.

For example, pure fitness mutations might seem like an eco-
logically trivial addition to the model, because they are always
favored to invade. However, computer simulations show that
these accumulated fitness differences can still have a dramatic
influence on both the ecological structure and the evolution-
ary dynamics that arise in a given population. Fig. 1 depicts
individual-based simulations of four populations, which are sub-
ject to the same environmental conditions and the same supply
of strategy mutations, but have different values of Ux and px (s)
(81 Appendix, section 5.1). Depending on the supply of fitness
mutations, the behaviors can include rapid diversification and
stasis (Fig. 1C), unstable but continually renewed coexistence
(Fig. 1D), stable coexistence and rapid within-clade evolution
(Fig. 1E), or the permanent disruption of coexistence (Fig. 1F).
In this way, the seemingly simple model in Eq. 1 can produce
a diverse range of behaviors, which at least superficially resem-
ble the complex dynamics observed in some microbial evolution
experiments.

To understand these different behaviors and how they depend
on the underlying parameters, we start by analyzing the simplest
nontrivial scenario, in which the strains evolve in an environment
with just two resources. In this case, the environmental supply
rates and resource uptake strategies can be described by scalar
parameters 3= (3,1 — ) and &= (a, 1 — ), respectively. This
case is already sufficient to elucidate many of the key qualitative
behaviors and fundamental timescales involved, while maximiz-
ing analytical tractability. In Analysis, we extend this analysis
to larger numbers of resources and comment on the additional
features that are unique to this more complicated scenario.

Analysis

Selection for Ecosystem to Match Environment, Stable Coexistence.
We begin by considering the dynamics in the absence of fit-
ness differences (Ux =0, X, =0). The ecological dynamics in
this “neutral” scenario were recently described in ref. 34, and it
will be useful to build on these results when we introduce fitness
differences below.

We begin by considering a single strategy mutation that occurs
in a clonal population of type «;, creating a new strain of type
a2. The initial dynamics of this mutation can be described by a
branching process with growth rate Sinv = (9:f)/f, also known
as the “invasion fitness” (SI Appendix, section 2.1). In this case,
the invasion fitness is given by

_Aa(f—a1)

Sinv— a1(17a1) ) [4]
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where Aa=as — a; is the difference between the mutant and
wild-type uptake rates. The invasion fitness is positive whenever
A« and S — a; have the same sign: If a; <, then selection
will favor mutations that increase «, while if a; > 3, selection
will favor mutations that decrease «. In this way, selection tries
to tune the population uptake rate to match the environmental
supply rate. If a; =3, then the invasion fitness vanishes for all
further strategy mutants. This constitutes a marginal evolution-
arily stable state (ESS). Using the definition of X;(¢) in Eq. 2,
we can see that the universal dynamics in Eq. 3 correspond to
a near-ESS limit, where the resource uptake rates remain close
to (8. For the sake of generality, we focus on this limit for the
remainder of the main text. The full expressions for the micro-
scopic model in Eq. 1 are listed in ST Appendix. When «;; and a2
are both close to 3, Eq. 4 reduces to the quadratic form,

A NAa(/j'fal)
vawiﬁ(l—ﬁ) . [S]

Since all mutations first arise in a single individual, many will be
lost to genetic drift, even when their invasion fitness is positive.
With probability ~ S, < 1, the mutant lineage will survive drift
long enough to reach frequency f ~ 1/NSi,, and will then start
to increase deterministically at rate Siyy. In sufficiently large pop-
ulations, the transition to deterministic growth will occur long
before the mutant starts to influence its own growth rate, so that
the constant invasion fitness assumption is justified (S Appendix,
section 2.1).

At long times, the ecological dynamics will lead to one of two
final states: Either the mutant will replace the wild type (com-
petitive exclusion) or the two will coexist at some intermediate
frequency (Fig. 24). The latter scenario will occur if and only
if the wild type can reinvade a population of mutants, which
requires that the reciprocal invasion fitness, S&, ~Aa(az —
B)/B(1—B), is also positive. By examining this expression, we
see that the mutant will outcompete the wild type if its strat-
egy lies between 5 and a1, while stable coexistence occurs when
a1 and ap span § (i.e., oy < 3 < ag or vice versa). When this
condition for coexistence is met, the steady-state frequencies are
determined by the linear equation,

a=>aufi =8, 6]
"

whose solution is given by f* /(1 — f*) = (8 — a1) /(a2 — B) (34).
In other words, the relative frequencies of the strains are
inversely proportional to their distance from the environmental
supply rate. According to Eq. 6, these frequencies are chosen
such that the population-averaged uptake rate =3 a.f;
exactly balances the resource supply rate 8. This provides an
intuitive explanation for the cause of coexistence: By maintaining
the strains at intermediate frequencies, the population is able to
match the environmental supply rate more closely than it could
with either strain on its own.

Once this ecological equilibrium is attained, number fluctua-
tions will continuously perturb the true frequency away from f*
(Fig. 24), subject to a linearized restoring fitness ~Aa?/8(1 —
B) (SI Appendix, section 2.1). The restoring force is strong com-
pared with genetic drift when NAa?/B(1 — ) > 1, which leads

to linearized fluctuations of order 6f ~ /B(1 — 8)/NAa? and a
lifetime for the stable state that is exponentially long in v N Aa?2.
At this point, additional strategy mutants are subject to very weak
selection pressures: Fluctuations will induce momentary invasion
fitnesses of order .Sinv ~ |as — a2|/+/NB(1 — ) (which can be
large compared with 1/N), but these fitness effects are quickly
averaged to zero during the ~1/4Sin generations required for
such a mutation to establish (SI Appendix, section 2.2). Thus,

E10410 | www.pnas.org/cgi/doi/10.1073/pnas.1807530115
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Fig. 2. Schematic illustration of key eco-evolutionary processes in a two-
resource ecosystem. (A) Ecological diversification from a clonal ancestor. In
the absence of fitness mutations, strains coexist at a stable equilibrium (f*)
with fluctuations (§f) controlled by genetic drift. Further strategy mutations
are not favored to invade. (B) Pure fitness mutations that sweep within an
ecotype shift the stable equilibrium by Af; accumulated fitness differences
can ultimately drive ecotypes to extinction. Further strategy mutations allow
the winning clade to rediversify at a later time. (C) Occupied niches can also
be invaded by strategy mutations that arise in fitter genetic backgrounds.
In this case, the original ecotype lineage is driven to extinction while the
ecological structure of the community is preserved.

once the population diversifies to fill the two niches, the rate
of evolution dramatically slows down (as in Fig. 14), since the
relevant timescales are controlled by genetic drift. In this way, a
large-effect mutation can allow the ecosystem as a whole to reach
an effective ESS, long before any of the constituent strains reach
the ESS on their own.

Diversification Load. We are now in a position to analyze how fit-
ness alters the basic picture above. We begin by revisiting the
invasion of a mutant strain in an initially clonal population, this
time allowing for a fitness difference AX between the mutant
and wild type. In this case, the new invasion fitness is given by a
simple linear combination,

Sinv (AO(, AX) ~AX + Sjnv(Aa), [7]
where Sinv (Aa) is the invasion fitness for a pure strategy muta-

tion from Eq. 4. This result describes, in quantitative terms,
how selection balances its ecological preferences (@ — ) with

Good et al.
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its desire to maximize fitness (X — oo). When the uptake rate of
the resident population is far from the environmental supply rate
[8 — a1 ~O(1)], the ecological selection pressures can be quite
strong, with invasion fitnesses as high as 10—100%. This implies
that strongly deleterious mutations of order

Aa(f —a1)
B(1—5B)

can hitchhike to fixation when the population colonizes a new
ecological niche (a form of “diversification load”).

Aerin ~— [8]

Fitness Differences Perturb Ecological Equilibria. In addition to
shifting the invasion fitness of a new mutation, fitness differences
can also alter the long-term ecological equilibrium between
mutant and wild type in Eq. 6. In the extreme limit, this can dis-
rupt the stable coexistence altogether. If the mutant is less fit
than the wild type (AX < 0), this will occur whenever AX is less
than the maximum diversification load A Xnin in Eq. 8. On the
other hand, if AX > 0, extinction will occur when the wild type
no longer has positive invasion fitness or when AX exceeds a

threshold
Aa(az —f)
B —-p)
We note that the fitness differences in Eqs. 8 and 9 are lower than
the values required for the mutant or wild type to dominate in all
environmental conditions (S Appendix, section 2.1). Instead, the
fitness thresholds strongly depend on how the resource strategies
differ from each other and how they differ from the environ-
mental supply rate. When A« ~ ¢, even small fitness differences
(AX ~ €®) can disrupt the stable ecology, while for Aa~ O(1),
much larger fitness differences (AX > 100%) can be tolerated.
When AXpin < AX < AXmax, the two strains continue to
coexist, but their equilibrium frequency is no longer given by Eq.
6. In this case, the competing drive to maximize fitness means
that selection will no longer favor an ecology that matches the
environmental resource distribution, at least not perfectly. In
SI Appendix, section 2.1, we show that the new equilibrium fre-
quency is given by

AXmax R 91

* ~fryp TP 1
Frax)~f + S AX, (10}

where f; is the neutral ecological equilibrium from Eq. 6.
From this expression, we can read off the typical fitness
differences required to perturb f* from its present value. This
fitness sensitivity is again determined by the distance between
the two resource strategies. If Ao~ O(1), large fitness differ-
ences (AX >100%) are required to change the equilibrium
frequency, while for Aa~e€, even very small fitness differ-
ences (AX ~ ¢?) can generate large changes in the equilibrium
frequency.

Further Fitness Evolution and Diversification-Selection Balance.
Once the population achieves the stable ecology in Eq. 10, addi-
tional fitness mutations will occur in each strain with probability
proportional to the equilibrium frequency f*. In our model, the
invasion fitness of such a mutation is simply its fitness effect s,
independent of the ecological state of the population. With prob-
ability ~s, this mutation will sweep through its parent clade,
changing the fitness difference between the clades by +£s and
the equilibrium frequency by Af = f*(AX £+ s) — f*(AX) (Fig.
2B). In the linear regime of Eq. 10, the frequency and fitness
changes are directly related,

Af =+ (Si) [11]

Good et al.

where s.=Aa?/B(1 — ) is the fitness scale that determines
changes in equilibrium frequency. If s> s.f*(1—f"), then
the stable coexistence will be disrupted, and the mutant clade
will take over the population. We refer to such a scenario
as ecosystem collapse, since one of the niches is no longer
occupied.

Similar behavior can occur when s < s. as well, except that
now the ecosystem collapse occurs due to the cumulative effect
of many pure fitness mutations. When the fitness mutations
accumulate independently, this process can be described by an
effective diffusion model

af*
ot

Se ~2 NUxs*(2f* —1)+ /2 NUxs3 - n(t), [12]

with a bias that reflects the higher probability of producing
a mutation in a larger clade (SI Appendix, section 2.3). Eq.
12 superficially resembles the drift-induced perturbations at
ecological equilibrium, except that the bias is now unstable

rather than restoring. When 2f* — 1<« /s/s., the mutation
bias is weak, and the clade frequencies undergo a random

walk (5 ARV UX*B 5t) But after a time of order 7yf ~

W;SQ, the frequency differential grows large enough that

the more prevalent clade will deterministically produce more
beneficial mutations, so that it is destined for fixation. After
a time of order Teollapse ~ NU > log ( ) the fitness difference

between the clades grows so large that the ecosystem finally
collapses (Fig. 2B). This timescale sets an upper limit on the
lifetime of the stable state when many fitness mutations are
available.

Once the ecosystem collapses, there will be a strong selection
pressure for the winning clade to rediversify through additional
strategy mutations and restart this process from the beginning
(Fig. 2B). To gain insight into these dynamics, we first con-
sider the case where the resource strategies are controlled by
a single genetic locus, with fixed phenotypes a1 and a2, and
mutations that alternate between the two states at rate U,.
After an ecosystem collapse, Eq. 4 shows that the invasion
fitness for the opposite strategy is given by Siny ~ s¢, S0 the col-
lapsed state will persist for a time of order Tgiversity ~ 1/ NUa s,
until the stable ecology is reestablished. If the two strategies
are symmetric about 3, so that f*(0)=1/2, the new stable
state will persist for ~7eolapse generations in the absence of
additional strategy mutations, and the process will then repeat
itself. The relative probability of observing the population in
the collapsed (S =1) or saturated (S =2) states is therefore
given by

if s> s,

Pr[S=2] Lo () 3]
5—){({) log(f) if s < se.

Pr[§=1]

Tcollapse

~
~

Tdiversify

This expression shows the minimum amount of strategy muta-
tions, or the maximum amount of pure fitness mutations, that
allow the population to maintain a saturated ecosystem. We
refer to this dynamic steady state as “diversification—selection
balance,” in analogy to mutation-selection balance in popula-
tion genetics (40). Note that this balance crucially depends on
the state of the ecosystem through s. ~ Aa?/8(1 — ). All else
being equal, ecosystems with more similar resource uptake
strategies will be disrupted more easily than those with a higher
degree of specialization.

Invading Ecotypes Can Delay Ecosystem Collapse. Strictly speaking,
the derivation of Eq. 13 is valid only in the limit that Teonapse <
Tdiversify, Since we neglected mutations between o1 and a2 when
both niches were filled. When Teoliapse 2 Tdiversify (1.€., when the
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ecosystem spends an appreciable amount of time in the satu-
rated state), we must also account for mutations between the
two strategies that arise before the ecosystem collapses. Those
mutations that arise in the less-fit clade will have little chance of
invading. However, a mutation from the more-fit to the less-fit
strategy will establish with probability ~|AX |, where AX is the
current fitness difference between the two clades. If this mutation
is successful, it will outcompete the resident lineage with the cor-
responding value of o and reset the fitness difference to AX =0
(Fig. 2C). In this way, invasion from one ecotype to another
can significantly delay the process of ecosystem collapse, since it
relieves the tension between fitness maximization (X — co) and
selection to match the environment (@ — ().

To analyze this process, we note that successful invasion
events will occur as an inhomogeneous Poisson process with rate
A(t) ~ NUa firgmax(x,) |AX |, where f*(¢) and AX(¢) are again
determined by the diffusion model in Eq. 12. This leads to a
characteristic invasion timescale

1 if Uy > Ux,

NUxs /
2/3

1 U . s
wies (5) if Vo> Ux (2)
2

s U2s3 . )
Wlog([j‘ég) if Ua > UX(i) 5

‘;C

00 else,

3/2

Tinvade ™~

[14]

which is derived in SI Appendix, section 2.3. Each of these
regimes corresponds to a different intuitive picture of the dynam-
ics. In the first case, strategy mutations are frequent compared
with pure fitness mutations, and invasion occurs almost imme-
diately after the first fitness mutation arises. In the second
case, invasion occurs after multiple fitness mutations have accu-
mulated, but when the frequencies of the clades still wander
diffusively relative to each other [f* ~1/24+ O (/s/s,)]. In the
third regime, invasion occurs after one of the clades has grown
to a sufficiently large frequency that it would have determin-
istically led to ecosystem collapse. When the invading mutant
establishes, it will therefore cause a rapid shift in the frequencies
of the ecotypes as f* (A X) returns to f*(0).

2
Finally, when U, < UX(gi) , strategy mutants are suffi-

ciently rare that the ecosystem will typically collapse and
rediversify before invasion can occur. This sets the region
of validity of the diversification—selection balance in Eq. 13.
Interestingly, Eq. 13 shows that collapse and rediversification
can still dominate over invasion even when both niches are
typically filled (Pr[S=2]>Pr[S=1]). In this case, both the
genealogical structure and the typical state of the ecosystem
will resemble the invasion regime, but the historical record
would contain a series of punctuated extinction and diversifi-
cation events, interspersed with long periods of gradual fitness
evolution.

Fitness Differences Create Opportunities for Ecological Tinkering.
Our derivation of Egs. 12 and 14 assumed that the two eco-
types were fixed by the genetic architecture of the organism.
Individuals could mutate between «; and as, but mutations to
other points in strategy space were forbidden. In the absence
of fitness differences, we saw that selection for these additional
strategy mutants is weak once both niches have been filled
(Sinv S1/N), potentially justifying the single-locus assumption
in terms of a priority effect. However, the previous analysis shows
that there can be strong selection to switch strategies once fit-
ness mutations accumulate, so it is also plausible that fitness
differences could lead to selection for strategy mutations more
generally.

To investigate these selection pressures, we consider a pop-
ulation that is currently described by the steady state in Eq.

E10412 | www.pnas.org/cgi/doi/10.1073/pnas.1807530115

10. We then consider strategy mutations that occur on the
background of «o, altering its strategy to as while leaving
its fitness intact. The invasion fitness for such a mutation is
given by

[15]

As anticipated, fitness differences create additional selection
pressure for strategy mutations beyond the simple switching
behavior considered above.

The direction of selection is determined by the sign of AX.
In the background of the fitter clade (AX > 0), selection favors
mutations that increase the strategy in the direction of § (a
form of generalism), while simultaneously disfavoring muta-
tions that lead to increased specialization (Fig. 3). The oppo-
site behavior occurs in the less-fit background, with selection
favoring mutations that increase the distance from /3, leading
to increased specialization. Both behaviors have an intuitive
explanation in terms of individuals preferring to allocate their
metabolic energy toward the resource with the least-fit con-
sumers, thereby minimizing the effective competition that they
experience.

Once a successful strategy mutation arises, it will sweep
through part of the population and alter the ecological equilib-
rium (Fig. 3). Mutations in the less-fit clade are straightforward
to analyze. Since these are always directed away from both 3
and a1, these mutants will sweep through their parent clade and
increase the equilibrium frequency according to Eq. 10. Success-
ful mutations in the fitter clade have a wider range of outcomes,
since these are always directed toward 5 and . If a3 < 3, the
mutant lineage will outcompete the less-fit strain a;; and will sta-
bly coexist with its parent clade a2 at an equilibrium frequency
f*=(8—a2)/(az — az). On the other hand, if 5 < a3 < a2, the
mutant lineage will always sweep through its parent clade as. If
a3 is sufficiently close to aa, this will simply lead to an increase
in frequency according to Eq. 10. However, if a3 is close enough
to 5 that A Xmax(a3) becomes less than the actual fitness differ-
ence, AX, then the mutant will sweep out both clades and lead
to an ecosystem collapse and subsequent rediversification. Thus,
in addition to creating a larger target for invasion events, these
additional strategy mutations can also enhance the probability of
ecosystem collapse. The balance between these competing ten-
dencies will depend on the genetic architecture of the resource

A : :
Full SW?ep . Sweeps | Selected
' Yo out i against
Sweeps out other niche, parent g

coexists w/ parent

¥\ |

Fitness, X

Sweeps out i Selected against
parent

Resource strategy, o

Fig. 3. Invasion fitness landscape for additional strategy mutations in a
two-resource ecosystem. The two resident ecotypes are illustrated by blue
circles, while red circles denote mutant strains created by strategy muta-
tions on one of the ecotype backgrounds. The solid black line denotes the
effective mean fitness, 3°; «;X;, experienced by a given resource strategy.
Strains with overall fitness (X) above this line are favored to invade, while
others are selected against. If a mutant successfully invades, its effect on the
ecosystem is indicated by the text.
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strategies, pa(c’ | ), which is poorly parameterized by exist-
ing data. A detailed exploration of the potential regimes remains
an interesting topic for future work.

Beyond Pairwise Coexistence. Our previous analysis focused on
environments with only two substitutable resources, where at
most two strains can coexist at equilibrium. In this case, the
structure of the stable ecosystem was simple enough to admit
a full analytical solution, which we could use to derive explicit
predictions for many evolutionary quantities of interest. How-
ever, many microbial communities are found in environments
with large numbers of potential resources and flexible gene pools
that allow them to alter their resource uptake rates through hor-
izontal gene transfer (41). It is therefore natural to ask how
our results generalize to these more complicated environments
as well. A full analysis of this case is beyond the scope of
the present work, as there are even fewer constraints on the
space of ecological and evolutionary parameters compared with
the two-resource case. Nevertheless, it is still useful to know
whether our qualitative results extend beyond R = 2 and whether
there are fundamentally new behaviors that arise only in higher
dimensions.

For a general ecological equilibrium, a mutation that alters the
phenotype of a resident strain from (X, &) to (X, +s,d, +
Ad) will have an invasion fitness

Sinv ~S§— Z AOAZY“ [16]

where the resource-specific mean fitnesses in Eq. 2 must be
evaluated at the equilibrium frequencies f,; (SI Appendix, sec-
tion 3.1). Increases in «; are favored when X, is lower than
the “effort-averaged” X, for the other resources and vice versa.
Thus, similar to the two-resource case, there is still a sense in
which selection favors mutations that flow from high values of
X, to lower values of X, although there are now R(R —1)/2
beneficial directions, X ; — X ;, rather than just one.

The invasion fitness in Eq. 16 depends on the current commu-
nity composition only through the intensive variables X,. In a
“saturated” ecosystem, where the number of coexisting strains is
equal to the number of resources, these can be directly obtained
by a matrix inversion of Eq. 1,

Xom ) o i Xy, [17]
7

where a;i is the left inverse of «,,;. Thus, we see that in a sat-

urated ecosystem, the X; are given by linear combinations of
the strain fitnesses X, justifying their interpretation as resource-
specific mean fitnesses. Moreover, perturbation expansions of
o ; suggest that the prefactor is still inversely proportional to
an effective distance between the strategies (SI Appendix, sec-
tion 3.2), similar to the two-resource case in Eq. 15. We note
that the equilibrium values of X; are conditionally independent
of both the resource supply vector 3; and the strain frequen-
cies f; these quantities influence X; only through shaping the
set of resource strategies that coexist at equilibrium. Thus, these
saturated ecosystems dynamically adjust their composition to
screen the internal selection pressures X ; from the external envi-
ronmental conditions. Similar findings were recently obtained
for the neutral case [where X; =0 (34)], as well as in certain
community assembly processes in the R — oo limit (35, 36).
Eq. 17 shows that this is a generic property that occurs when-
ever the number of surviving species is equal to the number of
resources.

Good et al.

In this limit, the steady-state frequencies f; can be obtained
from a similar matrix inversion,

i B = B oy (Xu — X,), [18]

which serves as the generalization of Eq. 10 for multiple
resources (SI Appendix, section 3.2). As in the two-resource
case, small fitness differences perturb the neutral ecological equi-
librium via linear combinations of the strain fitnesses, with a
prefactor that is inversely proportional to the square of the
effective distance between the resource strategies.

While the saturated case is particularly simple, we saw above
that fitness mutations can drive the number of surviving species
below this saturated value. In contrast to the two-resource case,
these “unsaturated ecosystems” can now harbor multiple coex-
isting strains when R > 2, leading to a continuous generalization
of the diversification—selection balance in Eq. 13. To investigate
this effect, we performed computer simulations of a binary strat-
egy space model, in which individuals can either use or not use
a given resource, with mutations that toggle individual uptake
rates on and off (SI Appendix, section 3.3). The results recapitu-
late the qualitative behavior observed for R = 2 resources, in that
a sufficiently high rate of pure fitness mutations can constrain the
number of distinct strategies that are able to coexist (Fig. 4B). To
compensate for the strong ecological selection pressures that can
arise when S < R, the populations are forced to evolve consor-
tia of “generalist” strains such that 3 . is still close to f, at
least at lowest order (Fig. 44).

In a nearly uniform environment [3; o<1+ O(e)], simula-
tions show that the steady-state ecosystem tends to be domi-
nated by a generalist strain (a,,; < 1) and a collection of S —1
single loss-of-function variants (au,; <1 —9d,) that recently
descended from mutations in the generalist background (Fig. 5
and SI Appendix, Figs. S2-S4). This is reminiscent of a mutation-
load argument (40), in which the preference for the generalist
strain is balanced by the greater entropy of loss-of-function
mutants. However, a key difference in this case is that the gener-
alist strain is not actually favored by selection. By definition, all

|>0><J E—A .. o e e e
% ° oo o° c e
S 0 =2t — T ——
n B :
100 ° : L orin
. e R=50
: e R=100
R ......... Eqg. (17)

# ecotypes, S
N (6]
u o
1

1_.
10-® 10 107% 1073 1072 107! 10° 10!
Scaled fitness mutation rate, Uxs2R/Uq£?

Fig. 4. Diversification-selection balance when R > 1. Circles depict the
long-term steady state from simulations of a binary resource-use model in
the strong-selection, weak mutation limit, with nearly uniform resource sup-
ply rates (SI Appendix, section 5.2). Each point denotes an average over
multiple time points from three independent replicates; solid lines indi-
cate the minimum and the maximum replicate. (A) The SD in X; across the
‘R resources. (B) The number of coexisting ecotypes. The colored dashed
lines denote the maximum ecosystem capacity S = R. The black dashed line
depicts the scaling relation in Eq. 19 which applies for S <« R, with an O(1)
prefactor of 1/+/2x included for visualization.
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Ecological structure
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Time

Fig. 5. (A and B) Schematic of (A) ecological and (B) genealogical struc-
ture at the evolutionary steady state described in Eq. 19. In B, blue circles
represent pure fitness mutations and red circles represent loss-of-function
strategy mutations.

of the transient states in Fig. 5 are ecologically stable, while the
preference for the generalist strain arises dynamically from the
race to acquire pure fitness mutations.

The dynamics of this process can be characterized analytically
in the weak mutation limit, yielding a simple heuristic expression
for the diversification—selection balance,

1 Uy€?
S~k <UX52)’ [19]

which is valid for S K R (SI Appendix, section 3.3). The transi-
tion to the fully saturated state (S ="R) requires an even more
stringent condition, which implies that unsaturated ecosystems
are obtained for a very broad parameter regime (Fig. 4B). In
both cases, a larger number of substitutable resources will lead
to a less diverse ecosystem at diversification—selection balance.
This is ultimately due to the fact that the difference between gen-
eralists and single loss-of-function variants becomes increasingly
small as R — oco.

This suggests that the relative frailty of the diversification—
selection balance in Eq. 19 may be a pathological feature of
the simple genetic architecture that we have assumed, in which
fit generalist phenotypes are easily accessible. If we instead
impose an upper limit R. <R on the number of resources
that a strain can metabolize, heuristic calculations suggest that
diversification—selection balance will be achieved for substan-
tially higher values of S, even for large R (SI Appendix, section
3.4). In this case, the ecological and genealogical structures that
are attained at this evolutionary steady state will be consider-
ably more complex than the shallow star-shaped genealogies in
Fig. 5. A detailed analysis of this steady state remains an
interesting topic for future work.

Discussion

In microbial populations, primitive ecological interactions can
evolve spontaneously over years (5), months (6), and even days
(7). Yet this process rarely takes place in isolation. In rapidly
evolving populations, diversifying selection must compete with
directional selection acting on other loci throughout the genome.
Here, we have introduced a simple mathematical framework to
model the interactions between these two processes in asexually
reproducing organisms.

The ecological interactions in our model emerge from the
competition for substitutable resources (e.g., different carbon
sources), according to a well-studied class of models from theo-
retical ecology (33-36). To incorporate evolution into this model,
we assumed that individuals can acquire mutations that alter
their resource uptake rates. We showed that it is useful to distin-
guish between two characteristic types of mutations: (i) strategy
mutations, which divert metabolic effort from one resource to
another, and (if) fitness mutations, which increase the over-

E10414 | www.pnas.org/cgi/doi/10.1073/pnas.1807530115

all growth rate but leave the relative uptake rates unchanged.
Strategy mutations enable ecological diversification, while fitness
mutations capture the effects of directional selection at other
genomic loci.

This classification scheme is best viewed as a conceptual tool,
rather than a statement about the underlying biology. We have
mostly focused on mutations with either a perfect tradeoff or a
perfect benefit, but Egs. 7 and 16 apply equally well in more real-
istic cases where a shift in resource strategy is accompanied by a
change in the overall growth rate. These expressions can be used
to predict when the costs of an opportunistic mutation will out-
weigh its ecological benefits or vice versa. Similarly, true fitness
mutations (e.g., an increase in ATP efficiency) are assumed to
be rare in nature, since they could have fixed in the population
long ago. In practice, effective fitness mutations are more likely
to correspond to strategy mutations whose tradeoffs are simply
not exposed by the current environmental conditions. In this pic-
ture, the overall fitness X, can be viewed as an emergent trait
that arises whenever we project high-dimensional cellular pheno-
types onto a restricted set of axes (SI Appendix, section 4.3). The
presence of effective fitness mutations may therefore be a more
general phenomenon than their name would seem to imply.

The creation of new strains via mutation bears a superficial
resemblance to immigration from a fixed species pool, which is
the traditional scenario considered in theoretical ecology. How-
ever, this analogy is exact only in the absence of inheritance,
when the phenotypes of nearby genotypes are uncorrelated from
each other. In contrast, when the effects of mutations are herita-
ble, we have seen that directional selection can produce dramatic
departures from traditional ecological predictions.

Similar to immigration (36, 42), strategy mutations allow an
initially clonal population to diversify into stably coexisting eco-
types, whose upper bound is set by the number of resources.
Yet because fitness mutations are heritable, further evolution
will lead to fitness differences between the clades, which can
dynamically shift the ecological equilibrium over time and even-
tually drive less-fit clades to extinction. The mere observation
that selection can disrupt coexistence is not surprising, since
drug resistance or other harsh selection regimes provide strik-
ing examples of this effect. However, our quantitative analysis
shows that this collapse can happen long before any clade is
universally inferior to another and that it can result from the
compound effect of many small-effect mutations that would
not lead to extinction on their own. These results suggest that
ongoing directional selection may have a larger impact on the
structure of microbial communities than is often assumed. In
particular, while previous ecological analyses suggest that the
number of ecotypes should meet (35, 36) or even exceed (34) the
number of resources, our results raise the possibility that they
could also reside at a diversification-selection balance below the
maximum capacity of the ecosystem.

In addition to their influence on coexistence, we also found
that fitness differences accrued via directional selection will gen-
erate emergent selection pressures for continual evolution of
the ecological phenotypes, even in a saturated ecosystem. While
these internal selection pressures are reminiscent of the Red
Queen effect (43), our quantitative analysis shows that they
select for different phenotypes than in the standard predator—
prey setting. In particular, less-fit clades do not experience
increased selection pressure to narrow their fitness deficit by
accumulating fitness mutations. Instead, selection favors muta-
tions that divert metabolic effort toward resources with lower
effective competition, even at the cost of widening the fitness
deficit. Moreover, the direction of selection toward any given
resource can shift dynamically as the fitness differences and
resource uptake strategies evolve over time.

Most of our analysis focused on the strong-selection-weak-
mutation regime, in which the current ecological equilibrium is
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attained before the next mutation occurs. In this limit, when the
resource uptake strategies are sufficiently close to the supply
rates, our model takes on a universal form that closely resem-
bles traditional models of adaptive dynamics (22, 44). The key
difference is that directional selection behaves as an additional
trait dimension, which is effectively constrained to remain far
from its optimum at all times (SI Appendix, Fig. S1 and sec-
tion 4). Our results show that this simple broken symmetry can
lead to dramatic deviations from the standard adaptive dynamics
picture.

In contrast to adaptive dynamics, we also allow for muta-
tions that have noninfinitesimal effects on resource uptake rates,
which turn out to play a key role in controlling the dynamical
behaviors that we observe. In practice, the genetic architec-
tures of most ecological interactions remain poorly characterized
empirically. In a few well-studied cases, ecological diversification
can be traced to a single large-effect mutation (9, 45), while in
others, a series of smaller mutations have been implicated (46).
Our present analysis suggests potential ways to constrain this
key parameter experimentally, either by analyzing fluctuations
in ecotype frequencies on long timescales (13) or by measur-
ing the joint distribution invasion fitness (Sinv) and ecological
perturbation (Af) across a panel of engineered mutations (46).

Of course, the present work has focused on a highly simplified
model, which omits many of the complicating factors expected
in either natural or laboratory settings. A particularly impor-
tant limitation is our focus on the weak mutation limit (NU <
1). While analytically convenient, this assumption is violated by
many of the laboratory experiments that motivated this study.
In ST Appendix, section 2.3, we describe a preliminary extension
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of our results to the case where NU > 1, which builds on the
intuition gleaned from the weak mutation limit. However, a more
thorough investigation of this regime is required to quantita-
tively fit the model to evolutionary measurements [e.g., in an
approximate-likelihood framework (39)]. Future work will also
be required to fully explore the effects of cross-feeding, time-
varying environments, recombination, and other additions to our
basic model [e.g., K selection (47)]. We believe that our results
provide a promising analytical framework in which to investigate
these effects, which have mostly been confined to simulations
so far.

It is also interesting to ask whether our results can be mapped
onto more diverse modes of ecological interaction or whether
there are other universality classes yet to be discovered. Since
our model can be viewed as the simplest generalization of popu-
lation genetics with multiple fitness axes, we hypothesize that it
may capture the limiting behavior of a broader class of ecologi-
cal interactions that are mediated by a small number of intensive
variables. If so, its analytical tractability may offer a promising
avenue for investigating the interactions between ecology and
evolution more generally.
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