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Abstract

Recent observations have revealed that closely related strains of the same microbial spe-

cies can stably coexist in natural and laboratory settings subject to boom and bust dynamics

and serial dilutions, respectively. However, the possible mechanisms enabling the coexis-

tence of only a handful of strains, but not more, have thus far remained unknown. Here,

using a consumer-resource model of microbial ecosystems, we propose that by differentiat-

ing along Monod parameters characterizing microbial growth rates in high and low nutrient

conditions, strains can coexist in patterns similar to those observed. In our model, boom and

bust environments create satellite niches due to resource concentrations varying in time.

These satellite niches can be occupied by closely related strains, thereby enabling their

coexistence. We demonstrate that this result is valid even in complex environments consist-

ing of multiple resources and species. In these complex communities, each species parti-

tions resources differently and creates separate sets of satellite niches for their own strains.

While there is no theoretical limit to the number of coexisting strains, in our simulations, we

always find between 1 and 3 strains coexisting, consistent with known experiments and

observations.

Author summary

Recent genomic data have revealed the remarkable spectrum of microbial diversity in nat-

ural communities surrounding us, which harbor not only hundreds of species, but also a

handful of closely related strains within each of those species (termed “oligo-coloniza-

tion”). While the mechanisms behind species coexistence are much better studied, the

mechanisms behind the coexistence of closely related strains have remained understudied.

Here, using a simple consumer-resource model, we show that if strains differ on their

Monod growth parameters, they can coexist even on a single limiting resource, provided

that the environments, specifically resource concentrations, vary with time in boom and
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bust cycles. The Monod growth parameters describe how a strain’s growth rate changes

with resource concentration, namely the half-maximal concentration and maximal

growth rate. Simulations of our model show that both in simple and complex environ-

ments, even though an arbitrary number of strains can coexist, typically it is between 1

and 3 strains of a species that coexist over several randomly assembled communities, con-

sistent with some experimental observations. This is because the allowed parameter space

for coexistence shrinks significantly with the number of strains that coexist.

Introduction

Microbial communities in almost all natural settings are characterized by an astonishing diver-

sity, manifesting itself at multiple evolutionary scales [1, 2]. These scales range from separate

domains (e.g., archaea and bacteria) all the way down to closely-related strains of the same spe-

cies [3–7], other environments. This wide-ranging diversity can persist even in well-controlled

laboratory settings, containing alternating cycles of exponential growth, followed by a transfer

to fresh media after dilution by a large factor [8, 9]. The coexistence of distantly related com-

munity members, such as different species or kingdoms, can be readily explained via niche

theory, which suggests that each species can occupy a different niche, e.g., by specializing on a

different resource, allowing everyone to coexist [10–15]. Remarkably, it is the coexistence of

fine-scale diversity—that is, closely related strains of the same species—that remains puzzling

[7, 16, 17]. This is because presumably, such strains haven’t diverged sufficiently to establish

and occupy distinct resource niches. Thus, the observation of fine-scale diversity suggests that

every resource might contain multiple niches: a primary niche and several “satellite” niches,

ready to be occupied by closely related strains, enabling their coexistence. Here, the primary

niche is occupied by a strain most competitive at high nutrient concentrations, and each “satel-

lite” niche is occupied by a strain which is more competitive in a specific range of lower nutri-

ent concentrations.

Satellite niches are not expected in stable environments, where resources are supplied con-

tinuously at a constant rate and reach a fixed concentration, such as in a chemostat. In these

conditions, competitive exclusion guarantees that only the strain best adapted to the steady-

state concentration will be able to survive [13]. In contrast, in fluctuating environments where

nutrient concentrations change in time, the existence of satellite niches remains a possibility

[18–20]. Indeed, in the extreme case of environmental fluctuations, i.e., in boom and bust

cycles, where resource concentrations may vary over orders of magnitude, there is ample

opportunity for several strains to coexist [21, 22]. Furthermore, strains of the same species

may rapidly (with just a few mutations [23]) modify the range of nutrient concentrations opti-

mal for their growth, allowing for rapid colonization of the available satellite niches by closely

related strains, rather than by members from distant species. In conclusion, satellite niches

may arise as a consequence of boom and bust cycles, and then be occupied by different strains

of the same species, allowing their coexistence.

Here, we use a consumer-resource model of microbial communities to demonstrate how

satellite niches appear and are colonized, over the process of community assembly. We start by

considering the case of a single resource, and show that in this case, anywhere between 1 and 3

strains typically coexist. Indeed, the coexistence of even more strains is possible, but has a

small likelihood. We then proceed to generalize our results to multiple resources (or niches),

colonized by distantly-related species. In this case, each of the species comprises a small num-

ber of closely-related strains, which can coexist due to the presence of satellite niches. Our
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results provide a possible mechanism for the widespread observation of fine-scale diversity in

natural as well as laboratory microbial communities.

Model and results

Strains of the same species can coexist on a single limiting resource

To study whether multiple strains of a species—which differed in their maximal growth rate

(g) and substrate affinity (K)—could coexist in boom and bust environments, we simulated a

simple consumer-resource model inspired by serial dilution experiments. Briefly, both strains

were initially inoculated in a medium consisting of one resource (e.g., carbon source) provided

at a concentration c0, allowed to grow for time period T, and then diluted by a factor D and

transferred to a fresh medium with resource at the same concentration c0 (Fig 1B). We

repeated these growth-dilution cycles until the community reached a steady state, that is, dis-

playing reproducible dynamics in each cycle. Each strain with abundance Ni grew exponen-

tially, with its instantaneous growth rate determined by its Monod kinetics, its dynamics given

as follows:

dNiðtÞ
dt
¼ gi

cðtÞ
cðtÞ þ Ki

NiðtÞ; ð1Þ

dc
dt
¼
X

i

�
dNi

dt
¼
X

i

�
gi cðtÞ

cðtÞ þ Ki
NiðtÞ ð2Þ

where c(t) represented the resource concentration at time t after the start of each cycle (c(t = 0)

= c0). Here, gi represented the maximal per capita growth rate of each strain, realized at high

resource concentrations (c(t) >> Ki), and Ki represented the resource concentration at which

the growth rate of the strain dropped to half its maximum value. To simplify notation, we also

assume here that the yields of all microbial species are equal to 1. We discuss the general case

where the yields for different species is in the S1 Text. Note that the strain with a higher gi
exhibits a fast initial growth, whereas a strain with a lower Ki continues to grow at appreciable

growth rates even at relatively low resource concentrations. Similar to previous results [22], we

first considered a model with two strains of the same species, but to build on previous studies,

we will later generalize this model to include multiple strains and species. In the two strain

case we considered first, one of the strains (B in red) had a higher maximal growth rate gi, anal-

ogous to an r-strategist in classical ecology [24, 25], whereas the other (A in blue) had a much

lower value of Ki, analogous to a K-strategist in classical ecology (Fig 1B).

Simulations with two strains showed that both r and K strategists can coexist over a wide

range of parameters c0 and D (Fig 1C), as observed in previous studies (e.g., Supplementary

Fig 13A in ref. [26] and Fig 6 in ref. [22]). To quantify the range of environmental parameters

in which both strains could coexist, one can measure the area of the space of parameters c0 and

D where both strains survive (the region between the black lines in Fig 1C).

Alternatively, one can fix the environmental parameters c0 and D and quantify the range of

growth parameters of strain B which would allow it to coexist with strain A with a given set of

growth parameters, gA and KA. Our analytical calculations show that the following inequalities

need to be satisfied for the two strains A and B to coexist with each other (see S1 Text for
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complete derivation, which uses the idea of invasion fitness [27]):

ðcðtotÞA þ KBÞ logD

ðcðtotÞA þ KAÞ logDþ ðKA � KBÞ log
c0 þ KB

cðf ÞA þ KB

<
gB
gA

<

<

ðcðtotÞB þ KBÞ logD � ðKA � KBÞ log
c0 þ KA

cðf ÞB þ KA

ðcðtotÞB þ KAÞ logD
;

ð3Þ

Fig 1. Coexistence of two strains in a boom and bust environment supplied with a single limiting resource. (a) Strains A and B follow Monod’s law

of growth. Strain A is a K-strategist with a lower maximum growth rate gmax and substrate affinity(K) compared with strain B, which is an r-strategist.

(b) Schematic of the serial dilution experiment. At the end of each cycle, we dilute the population by a factor D, and supply fresh medium with resource

concentration c0 (see Methods). (c) Feasible environmental parameters for two strains with given growth rates. Each point on the heatmap defines an

environment, characterized by c0 and D, and the color of each cell represents the relative abundance of strain B at steady state. Black lines show the

range of environments where both strains, A and B, coexist. (d) Coexistence region in terms of growth parameters of strain B for a fixed environment

(D = 10, c0 = 10) and fixed strain A. The blue region represents the range of growth parameters of B (red dot) where it can coexist with strain A (blue

dot) in a fixed environment. Black solid lines are theoretical boundaries of the region.

https://doi.org/10.1371/journal.pcbi.1010244.g001
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where cðf ÞA;B is the concentration of nutrient left over at the end of each steady state growth cycle,

and is defined by the following equation:

1

gA;B
logDþ

ðD � 1ÞKA;B

Dc0 � cðf ÞA;B
log

Dc0

cðf ÞA;B

 !

¼ T; ð4Þ

and cðtotÞA;B is the total material concentration (cells and nutrients combined to have the same

units) in each steady state growth cycle, and is defined by the following expression:

cðtotÞA;B ¼
Dc0 � cðf ÞA;B
D � 1

: ð5Þ

In Fig 1D, we visualize (in blue) the range of coexistence given by Eq (3). It is extremely nar-

row when KB is below or slightly larger than KA, but expands significantly as KB starts to

increase compared with KA. Our calculations show that the width of the region, Δgcoexist

bounded from above by gðmaxÞ
B and from below by gðminÞ

B , for which coexistence is possible, can

approximately be written as follows (see S1 Text):

Dgcoexist ¼ gðmaxÞ
B � gðminÞ

B ¼ gA �
ðKB � KAÞ

2

KAc0

�
D � 1

D logD
: ð6Þ

Here we assume that (i) KA, B� c0, (ii) cðf ÞA;B � c0, achieved when growth cycles are suffi-

ciently long so that nutrients are nearly fully depleted, i.e., T� log D/gA, B, and finally (iii) (KB

− KA)� KA, B. In a more general case where conditions (i) and (ii) are still valid, but (iii) is

relaxed, one should replace (KB − KA)2/KA with ðKB � KAÞ log
KB
KA

� �
(S1 Text). Note that the

width of this region depends only mildly (roughly logarithmically for large D) on the dilution

factor D compared with its inverse linear dependence on the resource concentration c0, sug-

gesting that coexistence of strains should be possible for a broad range of environmental fluc-

tuations, quantified by the dilution factor D.

In Fig 1e, we show the complementary range of coexistence for a strain B (red in Fig 1e),

which lay inside the coexistence range of strain A (Fig 1D). Note that coexistence range of B is

broad for values of gA and KA below the growth parameters of B, and narrow on the opposite

side (gA and KA above gB and KB, respectively). This is in contrast with the coexistence range of

A, which is instead broader on the right.

Thus, coexistence between two strains A and B is possible in this environment because B
can consume and grow on low concentrations of the available resource, on which strain A
grows relatively poorly. In such boom and bust environments, “satellite niches” appear,

enabling coexistence between A and other strains, which must lie in the region shown in

Fig 1D. In the rest of this manuscript, we will refer to this coexistence region for a given strain

as its “shadow”.

Coexistence of three or more strains

Now we discuss the circumstances in which a third strain, C, can coexist with two already

coexisting strains A and B (Fig 2A) Note that strain C has an intermediate growth rate and

affinity, i.e., gA< gC< gB and KA< KC< KB. Naively, one might assume that any strain whose

growth parameters gC and KC lie within the shadow of the two other strains A and B, would be

able to coexist with them. However, simulations of our model with three strains revealed that

this is not the case (Fig A in S1 Text); instead the region where all three strains truly coexist

with each other (shown in dark grey, Fig 2B) is a smaller sub-region of the intersection of both
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pairwise shadows (Fig A in S1 Text). In hindsight, this is not surprising. Indeed, two strains

lying in the shadow of each other only ensures their pairwise coexistence. Generally, pairwise

coexistence between all pairs does not guarantee that all three strains will be able to simulta-

neously coexist. As an illustrative example, in a chemostat model with two resources, competi-

tive exclusion may allow strains to exist in pairs, but prohibit them from all coexisting together

(since in this case, the number of strains cannot exceed the number of resources).

An important question to ask about strains occupying satellite niches is whether their abun-

dances will be much lower than the strain with the highest maximal growth rate g (here, strain

A), occupying the key resource niche. By tracking the abundance distributions of communities

within and near the shadows of the three strains, we found that when multiple strains coexist,

their abundances are not greatly skewed towards strain A, instead being comparable to each

other (Fig 2C). Specifically, as we sample communities with growth parameters gC and KC

Fig 2. Three-strain coexistence in a boom and bust environment on a single resource. (a) Growth rate profiles of strains A, B and C, which all obey

Monod growth. We fixed the parameters gmax and K for strains A (blue) and B (red), and varied them for strain C in a manner that both gC and KC
remained between those of strains A and B. (b) Heatmap showing the steady state community diversity (number of coexisting strains) as a function of

the growth parameters gC and KC. In the region above the solid blue line, A goes extinct, above the red line, B goes extinct. The yellow dots represent 4

variants of C corresponding to 4 qualitatively distinct steady state community compositions, shown as stacked bar plots of relative abundances in (c).

https://doi.org/10.1371/journal.pcbi.1010244.g002
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across a line shown in Fig 2C, the community structure changes from consisting solely of

strain C (Fig 2B, point 1), to coexistence between B and C (point 2), to all three strains coexist-

ing (point 3), and finally to point 4, where strains A and B coexist, but C goes extinct.

To investigate how many strains can typically coexist in such environments, we simulated

community dynamics of a large randomly generated pool of 100 strains (Fig 3A), whose

growth parameters g and K were sampled from suitably chosen probability distributions (indi-

vidual points in Fig 3C; Methods). In over 2,000 such simulations initialized with different spe-

cies pools, we carried out community assembly simulations (Methods). The most common

outcome in these simulations was a community with just one strain (96.6% of cases), however

in 3.35% of simulations, we did observe 2 strains and in the remaining 0.05%, 3 strains. The

likelihood of observing n strains decreased approximately exponentially with n. In fact, our

simulations could have yielded communities with even more than 3 strains, but given the

expected rarity of that occurring, it would not be a pragmatic use of computational resources.

The observation that with a reasonable species pool size and number of simulations, one

obtains no more than 3 strains coexisting, is in agreement with results from Stewart and Levin

[22]. The surviving strains (Fig 3C, dark red points) in our three-strain communities had

among the highest g and lowest K values, and appeared to lie on a Pareto frontier. However,

predicting exactly which of the strains on the Pareto frontier will survive is challenging.

Simplified model and the statistics of coexistence

In the case of strains following Monod growth, obtaining the boundaries of the region where

three or more strains can coexist is mathematically challenging, because of which we resorted

to numerical simulations with a large pool of strains. However, we also studied a simplified

non-linear growth law where the boundaries of the coexistence region for any number of

strains could be computed exactly (see S1 Text, equation S35 for 3 species and S39 for an arbi-

trary number of species, n). Microbial growth in this simplified version of the model approxi-

mates Monod’s law by a step-like function, with the growth rate being zero below resource

concentration K, and g above concentration K. Using this simplified model, we can calculate

the boundaries of the coexistence region exactly, and obtain the probability of n randomly cho-

sen strains to all coexist, where the strains have uniformly distributed gmax and K in suitable

intervals, as the following (derivation in S1 Text):

Pn ¼
1

n!

D
D � 1

�
1

logD

� �n� 1

; ð7Þ

This expression shows that the coexistence volume shrinks faster than exponentially with the

number of strains that need to coexist (since D/(D − 1) − 1/log D< 1).

An extension of this simplified model, with multiple threshold concentrations below which

the growth rate decreases, can approximate any growth law. This extension is mathematically

equivalent to another model [28] where microbial strains grow in a diauxic manner, starting

from their most preferred resource, switching to progressively less preferred resources, deplet-

ing one resource at a time. Unlike in diauxie, where different species can have different

resource preferences, in our simplified model, the preferences of all species are identical,

decreasing from the highest concentration onwards. It is due to these identical preferences

that the coexistence is especially unlikely (as seen in Eq (7)) [11, 28].
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Fig 3. Communities in multi-resource environments. Panels (a)(c)(e) show results from single species in a single resource environment, and (b)(d)(f)

depict results from 2 species in a 2-resource environment. (a)-(b) Schematic of strain pool simulations. All randomly generated strains from each

species are presented together at the beginning of each serial dilution simulation, which will reach a final community composition at steady state. (c)-

(d) Examples of strains in a strain pool. Dots show the gmax and K’s of each strain, where the deep-colored ones represent the strains that survive in the

final community. Blue dots are strains from species I and red from species II. Pie charts in (d) show the co-utilization profiles of each species. (e)-(f)

Histograms of the number of survivors in the final community. Bar plots of blue and red show correspondingly the number of surviving strains from

species I and II. Heatmap in (f) separately represents the joint distribution of the number of survivors in both species.

https://doi.org/10.1371/journal.pcbi.1010244.g003
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Extending results to complex communities with multiple species and

resources

Until now, we showed that multiple strains specializing on only one limiting resource could

coexist with each other by using different r or K strategies. In natural communities, however,

strains will not only have access to multiple resources, but also face competition from multiple

other species. Indeed, different species might have evolved different resource preferences, low-

ering niche overlap and increasing the probability of coexistence with each other. In light of

this, we next investigated whether our proposed mechanism of strain coexistence—each with

different g and K parameters—was robust to the presence of multiple resources and species. As

the simplest such extension of our previous results, we simulated community assembly of

strains from two distinct species, I and II, on two different substitutable resources, R1 and R2.

Each species co-utilized both resources, but each had a different preference towards one of the

two resources: namely, species I preferred R1, while species II preferred R2. We also assumed

that all strains of the same species had identical resource preferences, but different growth

parameters, g and K, on each of the two resources (see Methods). We then simulated commu-

nity assembly via serial dilutions, each starting with a different pool of randomly generated

strains belonging to two species, whose resource preferences were fixed (Fig 3C and 3d). At

the end of several growth-dilution cycles, we asked how many strains of each species could

coexist in the final, steady state communities.

Fig 3D shows the outcome of one such community assembly simulation, with 50 strains

belonging to each species (shown as red and blue points in Fig 3D). Species I, which preferred

resource R1, dedicated 80% of its consumption (quantified by the growth rate coefficient g/K at

low resource concentration) to R1 and 20% to R1; species II instead dedicated 30% of its con-

sumption to R1 and 70% to R2. At steady state, two strains of species I (dark blue points in

Fig 3D) and two strains of species II (dark red points in Fig 3D) coexist in the community. The

growth parameters g and K of these strains are positioned at the Pareto frontiers (upper-left

corners of the g − K plane) of each of their species pools.

By performing community assembly simulations over 500 independently generated species

pools, we observed that in 89.2% of cases, both species could coexist, but only with one strain

in each species (Fig 3F). In the remaining 10.8% of cases, at least one species was represented

by>1 strain. The blue and red bars in Fig 3F show the marginal distributions of the number of

strains observed in each of the two species (Fig 3F). Note that each of the marginal distribu-

tions bears striking resemblance to the histogram in Fig 3E, where we simulated only one spe-

cies and one resource. Thus, our results about the coexistence of multiple strains of the same

species are robust to the inclusion of more than one resource (or niche) occupied by different

species.

Methods

Serial dilutions

In our serial dilution simulations, we initialize the population of each strain to an equal size of

1 arbitrary abundance unit. In each dilution cycle, c0 = 10 units of every resource is added into

the system, and strains grow according to Monod’s law for T = 24 hr. At the end of each cycle

the system is diluted by a factor of D = 10.

Strain coexistence

We use two example strains (A and B) to investigate their coexistence in a single resource envi-

ronment. Their maximum growth rates are arbitrarily fixed to 0.55 hr−1 and 1.0 hr−1
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respectively, with substrate affinity being similarly fixed to 0.01 a.u. and 4.0 a.u. In Fig 2b, we

introduced an invader strain C whose maximum growth rates vary between [0.6, 0.7] hr−1 and

substrate affinity vary between [0.25, 1.05] a.u.

Strain pool simulations

For the single resource simulations, we generated 2000 strain pools of species II independently,

each containing 100 mutant strains. Their maximum growth rates were sampled indepen-

dently from a normal distribution of N ð1:0; 0:032Þ in hr−1. Their substrate affinities were sam-

ple independently from a log-normal distribution of logNormal(log 4, 0.52) in a.u.

For the 2-resource simulations, we generated 500 strain pools independently, each contain-

ing 50 mutant strains from species I and 50 from species II. Both species co-utilize the 2

resources, and as an example, the overall growth rate of strain A is

gAtotal ¼ xA �
gAmaxR1

Kð1ÞA þ R1

þ ð1 � xAÞ �
gAmaxR2

Kð2ÞA þ R2

; ð8Þ

where xA and 1 − xA are coefficients of co-utilization.

The coefficient of x is fixed at 0.2 for species I and 0.7 for species II. The maximum growth

rates of mutant strains of species I and II are sampled from normal distributions N ð1:0; 0:032Þ

and N ð0:55; 0:032Þ respectively. Strains of species I have their substrate affinities sampled

from log-normal distributions: Kð1ÞI � logNormalðlog 4; 0:32Þ, and

Kð2ÞI � logNormalðlog 5; 0:32Þ. Strains of species II also have their substrate affinities sampled

from log-normal distributions: Kð1ÞII � logNormalðlog 0:05; 0:32Þ, and

Kð2ÞII � logNormalðlog 0:03; 0:32Þ.

In Fig B in S1 Text, we also investigated the case where co-utilization coefficients x is vari-

able. They are independently sampled from normal distribution, N ð0:2; 0:12Þ for species I and

N ð0:7; 0:12Þ for species II.

Discussion

In this paper, we showed that in time-varying environments, the competitive exclusion princi-

ple can be broken through the formation of a few satellite niches alongside the primary

resource niche. These niches can be occupied by closely related strains belonging to the same

species, which rapidly diversify in two key parameters, i.e., their maximum growth rate and

resource affinity. Our results add to a substantial body of work investigating how nonlineari-

ties in resource-dependent growth (i.e., Monod growth) can lead to violations of the competi-

tive exclusion principle [21, 22, 29]. As in these studies, in our work satellite niches only

appear in time-varying environments, such as the boom and bust cycles we investigated here,

and completely disappear in static environments, such as chemostats. In chemostat-like static

environments, resource concentrations and microbial abundances reach a fixed value at steady

state, resulting in strict competitive exclusion, where only one strain can survive per resource

(primary niche). The main property of time-varying environments that create satellite niches

is that resource concentrations change with time, creating opportunities for different strains to

specialize and be more competitive in different concentration ranges. Specifically, our work

provides new mathematical expressions for the coexistence criteria applicable to two strains,

connecting several relevant parameters, especially the time period between successive growth-

dilution cycles, the dilution factor, as well as the growth parameters of the strains (Eqs (3)–

(5)). Another new aspect of our study relative to prior work in this area, in particular Ref. [22],

is the coexistence of multiple (�3) strains of each of the species in environments with more
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than one supplied resource (primary niches). It is reasonable to expect that strains could mod-

ify the ratio in which they consume different resources, i.e., change how they allocate their

enzyme budgets. Following in the footsteps of Good et al. [30], we adapted our model and

extended it to include the possibility of small variations in resource budget allocation by closely

related strains. We found that variation in budget allocation alone rarely (1% of simulations)

leads to coexistence of multiple strains, compared with variation in growth parameters alone

(11.8% of simulations, Fig B in S1 Text). Thus, satellite niches created by boom and bust cycles

chiefly select for variation in such growth parameters.

The existence of organisms which specialize either on rapid growth (r-strategists) or more

complete depletion of the available resources (K-strategists) is well-established in natural eco-

systems [24, 25, 31]. Examples include microbes residing in Earth’s upper ocean, where r-strat-

egists dominate in strongly seasonal temperate oceans, while K-strategists dominate in stable,

low-seasonality, equatorial marine environments [32, 33]. However, whether such r- and K-

strategists can coexist in the same environment has not been fully explored. Our results show

that r- and K-strategists may indeed coexist as closely related strains of the same species, both

in simple and complex multi-species, multi-resource environments. These predictions also

match spatial distributions of strain diversity of microbial populations in Earth’s upper oceans

predicted in ref. [34]. While the strain diversity in highly seasonal environments (up to 8) was

somewhat higher than predicted by our model (up to 3), the authors readily admit that their

predictions might be somewhat inflated by ocean dynamics, transiently mixing organisms

from different habitats. Furthermore, rapid and continuous evolution might also increase the

apparent diversity of a community, due to transient strains generated by mutations and ulti-

mately lost due to competitive exclusion. Our model included a fixed pool of strains and pro-

vided sufficient time to achieve a steady state as a result of competitive exclusion, and thus

ignored the transient diversity due to rapid evolution.

Our work intriguingly suggests that a trade-off between Monod growth parameters (gmax

and 1/K) promotes coexistence, and thus might be observed among coexisting microbial

strains in natural communities. Past work [35, 36] has indicated similar trade-offs between

maximal growth rate and efficiency, or yield (the fraction of environmental carbon converted

to biomass), some even suggesting that these trade-offs become more pronounced at lower tax-

onomic levels [35]. While the yield or efficiency parameter in these studies does not influence

two-strain coexistence in our model (S1 Text), a trade-off between maximal growth rate (gmax)

and affinity (1/K) in our model has been discussed and reviewed in Ref. [37], suggesting that

they might promote coexistence in natural bacterial and phytoplankton communities. Future

work examining such a trade-off and its causal implication for coexistence would be fruitful.

Another natural environment in which limited strain diversity may have been detected is

the human gut microbiome [7], with a previous study reporting the coexistence of a few strains

(between 1 and 3, termed “oligo-colonization”). In particular, the authors mention that “it is

not clear what mechanisms would allow for a second or third strain to reach intermediate fre-

quency, while preventing a large number of other lineages from entering and growing to

detectable levels at the same time”. Our work, in quantitative agreement with these observa-

tions, suggests that a possible mechanism explaining them might be that closely related strains

differ in their growth parameters (gmax and K) by which they consume resources.

“Oligo-colonization” is not limited to natural environments such as ocean and gut micro-

biomes, but also likely manifests in microbial communities domesticated in the lab [16]. In

these domesticated communities, between 1 and 2 closely related strains of the same species

were found to coexist over multiple (*70) boom and bust (serial dilution) cycles, consistent

with the predictions of our model. Thus, taken together, our model explains a possible
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mechanism by which such “oligo-colonization” of a small number of closely related strains

might be widespread in both natural and laboratory-domesticated microbial communities.

Supporting information

S1 Text. Supplementary Text, including derivations, figures containing additional results,

and detailed calculations for the simplified model. Fig A. A detailed view of multi-strain

coexistence, similar to Fig 2B. Heatmaps showing the final community diversity (number of

strains) as a function of the growth parameters gC and KC. Given a strain C with variable gmax

and K along with fixed strains A and B, the heatmap shows the number of coexisting species in

the steady state of serial dilutions. Here, the region above the blue line represents where C

drives A out of the steady state, and the region above the red line represents where B is driven

out by C. The green regions represent areas where more than one strain can coexist. (b) shows

a zoomed-in view of the boxed region in (a), highlighting the region where two (light green)

and three (dark green) strains can coexist. Fig B. Histograms showing statistics of the num-

ber of coexisting strains: (a) when we allow small variations in how a species partitions two

resources, with no variation in Monod growth parameters, and (b) when we allow changes in

both the Monod parameters as well as resource partitioning. Bar plots on the margins in blue

and red show the number of surviving strains from species I and II respectively. In (a), the var-

iation in resource partitioning was as follows: each species’ resource partitioning was indepen-

dently sampled from a normal distribution, N ð0:2; 0:12Þ for species I and N ð0:7; 0:12Þ for

species II. Fig C. Growth curve of the simplified model. The 3 solid lines show how growth

rate depends on the resource concentration in our simplified model. Here gA, gB and gC are

approximations of the maximum growth rate from Monod’s law of growth, and KA, KB and KC

are approximations of the substrate affinity. Fig D. Monod growth curve approximated by

the simplified model. The grey line shows the growth curve of a strain that obeys Monod’s

law of growth on a single resource, with maximum growth rate gMonod
A and affinity KMonod

A . The

blue line is the growth growth curve of a strain that grows on a set of unique resources and fol-

lows our simplified growth model with growth rates gð1ÞA ; g
ð2Þ

A ::: etc. and affinity Kð1ÞA ;K
ð2Þ

A ::: etc.

Fig E. 2-dimensional vector space representing steady state of a serial dilution process.

Horizontal axis serves to measure the species abundances at the point c = K1 while vertical axis

measures species abundance at the point c = K2 scaled to some appropriate unit of abundance.

Vectors ~B1 and ~B2 represent species B1 and B2 respectively, their coordinates proportional to

the abundances of these species at the points c = K1 (first coordinate) and c = K2 (second coor-

dinate) respectively. The blue-shaded area consists of points representing positive linear com-

binations of vectors ~B1 ;
~B2 . A red point within the blue-shaded area, with the parameters K1

and K2 corresponding to it (shown in red color) provides the values K1, K2 favoring coexis-

tence of two species with given growth rates g1, g2 in the given environment (as any other

point in the blue-shaded area does). Coordinates of vectors~B1, ~B2 given in dimensionless

numbers are to be interpreted as number×unit of abundance.

(PDF)
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