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Natural microbial ecosystems harbor substantial diversity of competing spe-
cies. Explaining such diversity is challenging, because in classic theories it is
extremely infeasible for a large community of competing species to stably
coexist in homogeneous environments. One important aspect mostly over-
looked in these theories, however, is that microbes commonly share genetic
materials with their neighbors through horizontal gene transfer (HGT), which
enables the dynamic change of species growth rates due to the fitness effects
of the mobile genetic elements (MGEs). Here, we establish a framework of
species competition by accounting for the dynamic gene flow among com-
peting microbes. Combining theoretical derivation and numerical simulations,
we show that in many conditions HGT can surprisingly overcome the biodi-
versity limit predicted by the classic model and allow the coexistence of many
competitors, by enabling dynamic neutrality of competing species. In contrast
with the static neutrality proposed by previous theories, the diversity main-
tained by HGT is highly stable against random perturbations of microbial fit-
ness. Our work highlights the importance of considering gene flow when
addressing fundamental ecological questions in the world of microbes and has

broad implications for the design and engineering of complex microbial

consortia.

Natural environments harbor a substantial diversity of competing
microbes'™. Explaining such diversity is challenging: in classic ecolo-
gical models, it is highly infeasible for a large number of competing
species to stably coexist’. Several mechanisms have been proposed
to resolve this apparent paradox. For instance, the niche-based
mechanism assumes the resource or space partitioning among dif-
ferent species, which, in essence, reduces the interspecies
competition’”’. This explanation, however, is challenged by the coex-
istence of numerous competing species in homogeneous environ-
ments with a small number of niches'®". Alternatively, neutral theory
assumes that different species have similar fitness'>">. However, due to
the short doubling time and large population size of microbes, even

small fitness differences can result in the fast domination of the fittest
species'*®,

The diversity of competing microbes is hard to explain from the
static view of species fitness. However, many microbes are character-
ized by the fluid nature of their genomes due to the substantial
interspecies or intraspecies flow of genetic materials mediated by
horizontal gene transfer (HGT)'*'®, For instance, -43% of the genes in
Escherichia coli’s pan-genomes are acquired by HGT”. In human gut
microbiome, over 22,000 genes were estimated to be mobilizable®.
The flow of mobile genes that encode growth benefits or burdens
enables a dynamic change of microbial fitness within ecological
timescales, which might, in turn, impact the competition outcome®.
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However, despite its conceptual importance, how HGT influences the
diversity of competing species remains largely unknown.

Many studies have documented the rapid evolutionary change of
species fitness on ecological timescales, which leads to the emergence
of eco-evolutionary dynamics*2°. For instance, in sticklebacks**?>,
guppies®, and cichlids?**, the eco-evolutionary feedbacks have been
widely observed. A microbial species can also actively change its niche
by modifying its nutrient uptake and metabolism??, The dynamic
change of species fitness can have a significant influence on ecological
outcomes, including species coexistence. HGT is a key mechanism that
mediates the eco-evolutionary interplay in microbes”. However, a
theoretical framework allowing the analysis of HGT’s effects on
microbial diversity remains lacking.

Understanding the interplay between HGT and microbial coex-
istence has implications in broad scenarios. For instance, bacterial
resistance to antibiotics has become one pressing crisis facing human
health. Although competing with each other in host environments,
sensitive and resistant strains coexist stably, and the resistant strain
often persists long even after the antibiotic selection has been
removed”. Not knowing why sensitive and resistant strains coexist
stably has become one major barrier to combat antibiotic resistance™.
Unraveling the role of HGT in bacterial coexistence might provide
insights for the design of therapeutic strategies. Indeed, antibiotic-
resistance genes are often closely associated with mobile genetic ele-
ments (MGEs) like plasmids®. In microbiome engineering, synthetic
microbial consortia have emerged as a promising tool for the pro-
duction of valuable chemicals®’. However, their applicability has been
constrained by our limited ability to stably maintain the diversity of the
designed communities®. Understanding how HGT influences micro-
bial coexistence might provide opportunities to overcome this
limitation.

Here, we established a framework of species competition by
accounting for dynamic gene flow among microbes. We started by
studying two-species systems and generalized our analysis to random

communities of multiple members. Combining theoretical derivation
and numerical simulations, we demonstrated that HGT could over-
come the biodiversity limit predicted by the classic model and allow
the coexistence of many competitors. In contrast with the neutral
theory, the diversity maintained by HGT is stable against the fluctua-
tions of species fitness. Our results underscore the fundamental role of
gene flow in shaping the ecological dynamics and evolution of
microbial communities.

Results

To illustrate the basic concepts, we started with a community of two
competing species (s; and s,). The subsequent analysis is equally
applicable to the competition between different strains of the same
species. Without HGT, the population dynamics can be described by
the generalized Lotka-Volterra (LV) model, which consists of two
ordinary differential equations (ODEs) that account for species growth
rates (u; and u,), interspecies competition (y; and y,) and the dilution
rate (D) (Fig. 1a). Depending on the parameter values, the competition
can result in two outcomes: one species being competed out or two
species coexisting stably. The feasibility of this system to maintain
diversity depends on the total volume of the parameter space that
allows species coexistence. Given competition strengths, coexistence
feasibility can be calculated by the fraction of growth rate combina-
tions, out of all possibilities, that leads to stable coexistence (Fig. 1b). It
can be theoretically demonstrated that the feasibility decreases with
competition strength (Methods).

The classic LV model assumes y; and p, being constants, while
HGT creates the dynamic change of the growth rates due to the fitness
effects of the mobile genes. To describe gene flow in the model, we
first dissected each growth rate into two components: the basal growth
rates (10 and u9) determined by the non-mobilizable genes, and the
fitness effects (1; and A,) of the mobilizable genes. Without loss of
generality, we assumed that the two components combined multi-
plicatively: p;=pO(1+4;), p,=pd(1+4,). Here, positive A values
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Fig. 1| Horizontal gene transfer (HGT) promotes the coexistence of two com-
peting species. a Without HGT, the competition of two species (s; and s,) can be
described by the LV model that consists of two ODEs. b The phase diagram of two
competing species without HGT. The shaded areas represent the parameter regions
of coexistence and no species surviving, respectively. Numerical simulations were
performed withy,; =y,=0.99,D0=0.2 h™'. ¢ Gene transfer creates greater feasibility

Growth rate u, (h')

for species coexistence. Numerical simulations were performed with y, =y, =0.99,
D=02h7"}, n=01 h'l, k=0.005h"". d The coexistence feasibility increases with
the gene transfer rate . For each n, we calculated the feasibility by randomizing p;
and p, between 0 and 1 for 2000 times following uniform distributions. Three
different values for y; and y, (marked with different colors) were tested.
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describe fitness benefits, while negative values stand for burdens.
Through gene flow, a subpopulation (denoted as p; and p,) within each
species acquires the mobilizable genes from its competitor. The
dynamic interplay of cell growth, gene transfer rate (denoted as r7), and
gene loss rate (denoted as k) determines the kinetics of p; and p,,
which in turn leads to the temporal change of the overall growth rates
(¢ and pS) of each species: pé=p(1+1, ‘Sill), He=p,1+ A ‘S’—;) (see
Methods for more details).

Depending on the fitness effects of the mobile genes, the dynamic
change of if and p§ might alter the competition outcomes predicted
by the classic model (Supplementary Fig. 1). For instance, one can
imagine a scenario where a slow-growing species might evade com-
petitive exclusion by gaining beneficial genes from its competitor (see
Supplementary Fig. 1a, b for an example). To systematically quantify
how gene flow impacts species coexistence, we calculated coexistence
feasibility under different n, by numerical simulations with rando-
mized parameters. Specifically, given competition strengths, we ran-
domized p; and u, multiple times following uniform distributions
while keeping u9 and u9 constants. Next, we simulated the population
dynamics until steady states and calculated the feasibility as the frac-
tion of growth rate combinations leading to coexistence (see Supple-
mentary Information for more details).

Our results suggest that coexistence can be promoted by
increasing 7, regardless of the competition strength (Fig. 1c, d). Indeed,
in the phase diagram of this community, HGT enlarges the parameter
region that corresponds to stable coexistence (Fig. 1c). Here, the
results are independent on the distributions of ; and u,. Randomizing
them following Gaussian distributions doesn’t change the effects of
HGT (Supplementary Fig. 2a). The assumption that z9 and A; combine
multiplicatively is not critical, either. Calculating the growth rates by

a Without HGT
Species fitness
U1 U2 HUm

static [ ¢. B
Diversity

With HGT
Fitness determined by
nonmobilizable genes
ue pg Him
X

Distribution of mobilizable genes

Static

~Species 1
‘ Species 2
I

\Species m

Dynamic

Species fitness
A Hin

Dynamic. . .
v

Diversity

Fig. 2 | Horizontal gene transfer (HGT) overcomes the biodiversity limit of
competing species. a A schematic of the modeling framework. Without gene flow,
the diversity is determined by the static species growth rates. With gene flow,
species growth rates become fluid, due to the dynamic acquisition and loss of
mobile genes in each species. b The coexistence feasibility decreases with species
number, exhibiting a biodiversity limit beyond which maintaining all the species
becomes extremely infeasible. N represents the diversity limit where the coex-
istence feasibility decreases to zero. Gene transfer promotes species coexistence,

adding u? and A; (u; = u? + A1, , = u9 + A,) leads to the same conclusion
(Supplementary Fig. 2b). The prediction is also applicable to commu-
nities with asymmetric interspecies competitions or gene transfer
rates (Supplementary Fig. 2c, d). These results suggest the robustness
of our analysis against a variety of confounding factors.

The model can be generalized to communities of multiple com-
peting species. Let m be the species number and s; be the abundance
of the i-th species. y; represents the competition strength that the i-th
species imposes on the j-th species (i,j=1,2,...,m). Each species trans-
fers its mobilizable genes (with fitness effect 4;) to others at a rate ;.
pj; describes the abundance of the subpopulation in the i-th species
that acquires the mobilizable genes from the j-th species. The overall
growth rate of the i-th species can be calculated based on all the
mobilizable genes that it carries: uf =p; [ [.;(1+4; ’;—‘;{'). The population
dynamics can then be simulated by m + m? equations that describe the
temporal change of s; and py;, respectively (Fig. 2a, see Methods for
more details).

Similarly, the coexistence feasibility can be defined as the fraction
of growth rate combinations that allow the stable coexistence of all
species out of all possibilities in the m-dimensional parameter space.
We approximated the feasibility by numerical simulations with ran-
domized y; values. Without gene transfer (n; = 0), feasibility decreases
drastically to zero when species number increases, suggesting a max-
imum limit of biodiversity (Fig. 2b). Maintaining a species number over
the limit is extremely unlikely in random communities. This result is
consistent with the previous notion of the diversity-feasibility tradeoff
in complex communities*®. To understand how HGT influences
diversity, we first considered gene flow in a fully connected network
and assumed all species transferred the genes at the same rates. Our
numerical results suggested that increasing n; can substantially
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making it possible for the community to overcome this limit. Coexistence feasi-
bilities were calculated by randomizing y; 500 times in the range of 0.4-0.6 h™
following uniform distributions. Other parameters were u? =0.5 ht, yi=0.9,
k;=0.005 h™!, D=0.2h'. Three ny values (0, 0.1 and 0.2 h™) were tested and
marked with different colors. ¢ Gene transfer promotes the diversity of competing
species. Diversity was calculated as the Shannon index. The histogram was drawn
based on the 500 communities randomly generated for each transfer rate. Two r;;
values (0 and 0.2 h™) were tested and marked with different colors.
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Fig. 3 | The interpretation of HGT’s effects on microbial coexistence. a A
schematic of the role of HGT. By allowing the dynamic sharing of mobilizable genes
among species, HGT reduces the advantages of the strong competitors relative to
the weak ones. b HGT promotes species coexistence and diversity by enhancing the
dynamic convergence of species growth rates. In the classic LV model without HGT,
population diversity decreases with the standard deviation (std) of growth rates
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(left). Numerical simulations were performed with the species number being 20.
The species growth rates were randomized following uniform distributions around
0.5h™ with random standard deviations. Other parameters are y; =0.9 and
D=0.2h"". HGT reduces the variations of growth rates in 20-species communities
(right). Three gene transfer rates were tested (7=0.05,0.1,0.2 h™' from top to
bottom). Other parameters are y; =0.9, k=0.005 handD=02h7".

promote coexistence (Fig. 2b, c¢). In particular, for communities
beyond the diversity limit predicted by the classic model, gene transfer
makes the coexistence of all species possible. This prediction does not
rely on the parameterization of the model and is generally applicable
to partially connected networks or communities where species trans-
fer the genes at different rates, indicating that the architecture of the
transfer network is not critical for the effects of HGT (Supplemen-
tary Fig. 3).

The theoretical prediction can be intuitively understood as fol-
lows: HGT enables the coexistence of more competitors by promoting
the dynamic convergence of species growth rates (Fig. 3a, b). Indeed,
in communities without HGT, the steady-state diversities, in general,
decrease with the standard deviation of growth rates (Fig. 3b). Species
with similar growth rates are more likely to coexist against competitive
exclusion. HGT allows the sharing of burdensome or beneficial genes
between strong and weak competitors, which reduces the relative
advantage of strong competitors and alleviates the likelihood of
winner-taking-all scenarios (Fig. 3b, right panel).

In terms of promoting the fitness similarities of competing spe-
cies, our interpretation of HGT’s role is analogous to neutral theory,
which is an extreme case where all species are assumed to have
equivalent fitness. Coexistence through perfect neutrality is inherently
unstable: in deterministic models, any deviations from neutrality can
lead to the drastic extinction of many species®. In nature, however,
microbial growth rates are often perturbed by the fluctuations of
environmental factors such as nutrient availability®. To test whether
gene transfer can overcome this limitation and allow robust coex-
istence against environmental perturbations (Fig. 4a), we carried out
repeated numerical simulations by incorporating random fluctuations
into species growth rates. Specifically, we dissected the population
dynamics into multiple sequential intervals, each with a randomized
duration. In each interval, multiple species compete with each other in
a deterministic manner, and at the end of each interval, environmental
fluctuations occur and cause random variations in the growth rates of
all the species. We initiated each simulation with perfectly neutral
populations, where all species had identical growth rates. Without
gene transfer, the diversity collapses rapidly under fluctuations, con-
firming the instability of neutrality-mediated diversity. In contrast,
HGT promotes the maintenance of diversity over a long time, sug-
gesting that gene transfer can stabilize the competing communities in
fluctuating environments (Fig. 4b-d).

Discussion
Our work proposed an ecological mechanism of maintaining microbial
diversity via gene transfer and showed the conditions where this

mechanism would potentially be effective. When mobile genes only
affect species growth rates, HGT allows the stable coexistence of many
competing species beyond the diversity limit predicted by the classic
theory by promoting dynamic neutrality of microbial fitness. In fluc-
tuating environments, the dynamic shuffling of mobile genes across
species provides a buffering mechanism against the collapse of com-
munity diversity. Our results underscore the need to consider gene
flow when studying ecological dynamics and evolution of microbial
communities.

Recent studies have observed extensive diversity in microbial
populations that seem to occupy similar niches. For instance, in Vibrio
and Synechococcus communities, many strains within the same species
can stably coexist in nearby spatial locations despite the fitness dif-
ferences among these strains'®**. Our work provides a plausible
explanation for such seemly puzzling diversity in these populations.
Indeed, comparative genomics suggested that HGT within these
populations is prevalent'®>®,

The empirically estimated gene transfer rates (denoted as 1)
need to be multiplied by N,,, before being plugged into our model (see
Supplementary Information for more details). Here N,, is the max-
imum carrying capacity of the population and has the unit of cells per
mL. Therefore, the transfer rates ;7 in our model are several orders of
magnitude higher than those measured in previous studies®, When
N, is large, even slight 7¢ can significantly change the coexistence
feasibility. In constrast, with small N, the effects of n° can become
negligible (Supplementary Fig. 4a). Using two empirical estimates of
plasmid conjugation rates from a previous study®”, our numerical
simulations suggest that the empirical HGT rates are sufficient to
promote coexistence in a wide range of natural conditions** (Sup-
plementary Fig. 4b, c). We also explored the influence of MGE fitness
effects on the effective range of transfer rates. Our simulations show
that when MGEs are beneficial, extremely low HGT rates can be
effective in promoting diversity (Supplementary Fig. 4d; see Supple-
mentary Information for more details). These results suggest that the
role of HGT may become prominent in many environments, especially
those with high cell density and beneficial MGEs. However, for bur-
densome MGEs in environments with very low cell densities, the con-
tribution of HGT can be less important than other mechanisms like
growth tradeoffs or cross-feeding**'.

Natural microbial communities are often faced with constantly
varying environmental conditions that affect the ecological para-
meters, such as species growth rates. In order for diversity to be
maintained stably, the population needs to be insensitive to the per-
turbations of the parameters*>**. Mathematically, such robustness
translates into coexistence feasibility or structural stability, which
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Fig. 4 | HGT promotes the stable maintenance of species diversity in fluctuating
environments. a A schematic comparison between static neutrality in classic
theory and dynamic neutrality enabled by HGT. Species coexistence by static
neutrality is inherently unstable against fluctuations in species growth rates, while
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into growth rates at random intervals. Each perturbation causes the random var-
iations of growth rates with the magnitude of less than 5%. 7=0.2h~! was used as
an example for dynamics with HGT. Other parameters are D=0.2h", yi=0.9,
x=0.005h"". c Examples of population dynamics of 20 competing species without
or with HGT. The widths of the colored areas represent the abundances of different
species. d Schematic summary of HGT’s role on species coexistence. By enlarging
the parameter space that allows species coexistence, HGT enhances the tolerance
of community diversity to growth rate fluctuations.

measures the volume of the parameter space that allows the positive
abundances of all species**™*. We noted that structural stability, by
definition, is different from dynamical stability or local asymptotic
stability, which refers to the ability of a system to recover after per-
turbation in species relative abundances***’. While the local asymp-
totic stability has been extensively studied in many systems>*®*’, the
determinants of structural stability have been less understood. In this
work, we explicitly show that HGT might promote the structural sta-
bility of microbial communities. How HGT influences the local
asymptotic stability remains an open question for future studies.

In the two-species model, we assumed that the metabolic burden
or benefit of an MGE was independent of the host species or strains.
However, in nature, the same MGE can have different fitness effects in
different genetic backgrounds due to epistasis**™". To evaluate the
influence of this assumption on the conclusion, we built a model that
accounted for two types of epistasis: magnitude epistasis, where the
host genomic background only influences the magnitude but not the
sign of the fitness effect, and sign epistasis, where the same MGE
causes growth burden in one species or strain while brings fitness
benefit in the other (see Supplementary Information for more details).
Our numerical simulations with randomized parameters suggest that
how HGT affects coexistence is dependent on the epistasis type.
Magpnitude epistasis does not qualitatively change the conclusion, but

sign epistasis does (Supplementary Fig. 5). When a mobile gene causes
opposite fitness effects in two different genetic backgrounds, the
transfer of this gene will reduce the coexistence feasibility. These
results suggest that MGE epistasis might add another layer of com-
plexities to the interplay between HGT and the coexistence of species.

Our work predicts that HGT might promote species diversity
when MGEs only affect species growth rates and have no influences on
inter-species competition. Certain caveats need to be considered when
applying this prediction. For instance, the sharing of many mobile
genes can also promote niche overlapping, leading to an increase of
competition strength®>%, To understand how the transfer of these
genes will influence species coexistence, we adapted the main model
by considering the dynamic change of competition strength during
gene transfer (see Supplementary Information for more details). The
numerical simulations predict that when mobile genes promote inter-
species competition, HGT can reduce the coexistence feasibility of
competing species (Supplementary Fig. 6). These results suggest that
how HGT affects species coexistence in a specific microbiota might be
context-dependent. Gene transfer can promote or suppress microbial
coexistence, depending on epistasis and biological traits encoded by
the mobile genes.

Our results are in line with the previous studies on the relationship
between HGT and microbiota stability’**. For instance, one study

Nature Communications | (2024)15:800



Article

https://doi.org/10.1038/s41467-024-45154-w

focused on the interaction between microbial cooperator and cheater
and showed that HGT could promote the coexistence of these two
genotypes**. Another study specifically showed that horizontal transfer
of resistance genes could promote microbiome stability in response to
environmental stressors®. While these studies only considered specific
systems, our work resonates with their conclusions and generalizes the
role of HGT in the broader context of microbial communities.

In our extended LV model, the dynamics of species fitness during
HGT arise from the changes in population structure: in each species,
HGT generates subpopulations whose growth rates differ from the
others due to the metabolic burden or benefits of the mobile genes.
However, dynamic fitness can also emerge from the shifts of envir-
onmental factors®*™%, The influence of environmental changes on
species coexistence has been extensively studied*® . Together with
these previous studies, our work highlights the importance of con-
sidering the dynamic nature of species fitness in the field of ecology.

The fitness effect of an MGE can be discrete. For instance, under
strong antibiotic selections, only cells carrying antibiotic-resistant
MGEs can survive. To examine whether our conclusion is still applic-
able in this scenario, we generalized our model by considering the
transfer of an antibiotic-resistant MGE in a population of m species (see
Supplementary Information for more details). Our numerical result
suggests that without HGT, only the donor species carrying the MGE
can survive due to antibiotic selection. Increasing the HGT rate pro-
motes species coexistence and diversity by allowing more species to
be resistant to antibiotic killing (Supplementary Fig. 9). These results
suggest the applicability of our conclusion to the scenario of discrete
fitness effects.

In our model, we assumed the number of the MGEs equaled the
species number. However, in natural systems, the MGE diversity might
be higher than chromosomes due to immigration or de novo
mutations®’. To understand whether our conclusion is still applicable
when the diversity of MGEs changes, we established an extended model
that accounts for the flow of an arbitrary number of MGEs in a com-
munity of multiple species. By numerical simulations with randomized
parameters, our results show that the coexistence feasibility increases
with MGE diversity (Supplementary Fig. 10). In addition, regardless of
the MGE diversity, a faster HGT rate consistently leads to a greater
possibility of coexistence. These results suggest that enhancing genetic
exchange among microbes, through either increasing MGE diversity or
increasing HGT rate, can promote microbial diversity.

The competition between the preexisting strain and the mutants
is at the core of microbial evolution®’. The evolutionary rates are
known to vary across different species, while the mechanisms shaping
the evolutionary rates have been largely unknown®. Our work indi-
cates that, by promoting the coexistence of different bacterial types,
HGT can impede the selective sweep of the fittest strain, which might
have a substantial influence on the evolutionary pace of population
growth rates.

A previous study suggested that HGT prevents vertical selective
sweeps when migration is present®. Our work shows that HGT can
enable the stable coexistence of strong and weak competitors, redu-
cing the likelihood of winner-taking-all scenarios while allowing the
mobile genes to spread across species, which is in line with their
results. Our results also suggest the role of HGT can be amplified by
greater MGE diversity. Therefore, MGE diversity through gene flow
with external populations can further promote the frequency of hor-
izontal sweeps relative to vertical sweeps. Such MGE diversity might
allow the horizontal sweeps of alleles under positive selections even in
the absence of immigration.

Manipulation of microbial coexistence has important applications
in different scenarios®. For instance, in waste treatments or fuel pro-
duction, designing communities that maintain diversity is instru-
mental for overall efficiency and yield*. In the human gut, loss of
microbial diversity is closely associated with many diseases®. In soil,

bacterial diversity is also critical to maintaining plant productivity®’.
Our work suggests that controlling gene transfer rates can potentially
be an effective strategy to engineer the diversity of complex commu-
nities. For instance, introducing efficient MGEs like broad-host plas-
mids can promote genetic sharing among bacteria’®, while spatial
partitioning or treatments of some small chemicals might remodel or
block the gene transfer networks®”".

Methods

Mathematical model of two competing species

For the competition of two species without HGT, the classic
Lotka-Volterra model consists of two ODEs:

ds
d_tl =msi(1— s~ ¥25;) — Dsy @
ds
d_t2 =135, (1 =5, — 1151) — Ds; @)

where y; and 1, are the growth rates of the two species. y; and y, are
the competition strengths. D is the dilution rate. Depending on the
parameter values, the community can reach different compositions at
steady states. The condition of coexistence (s;>0 and s,>0 at steady
state) can be analytically derived as:

1
Vi<@y/P1<—
V2

where ¢, = ”'”’1” and ¢, = "2”—;‘). Species 2 will compete out species 1
when ¢, /¢;> % while species 1 will be the only survivor if y;>¢,/@;.
Increasing competition strengths will narrow down the range of ¢, /¢,
that allows coexistence. Thus, coexistence feasibility decreases with
competition strength.

To account for HGT in the model, we dissected y; and y, into two
components: the basal growth rates (9 and £12), and the fitness effects
(4, and A,) of the mobilizable genes. We assumed p;=pud(1+4,),
Ho=p9(1+A,). HGT creates a subpopulation (denoted as p; and p,)
within each species that acquires the mobilizable gene from its com-
petitor. The growth rates of p; and p, can then be obtained as y;(1+4,)
and p1,(1+4;), respectively. The extended LV model includes four ODEs
that describe the dynamics of s;, s,, p;, and p,, respectively:

ds
d_tl =Hisi(1— 81— ¥25;) — Ds )
ds
d—tz =55, (1 - $5 — 18;) — Ds, “4)
dpl — /1
M (1+A)p1 (1= 81— V252) +1(S2+p1) (1 — 1) — (D+ K1)y
)
dp, _ 1 _s _ _p)—
dt =ty (1+A)py (1= 5, — ¥181) + M2 (11 P2) (52 — P2) — (D+Ky)Ps
(6)

The effective growth rates pf and p§ of the two species are
determined by the abundances of p; and p,, respectively:
ﬂf:ﬂ1(1+/lz%‘)' y§:y2(1+/ll’s’—;). In Egs. (5) and (6), the first terms
describe the population growth of p; and p,. The second terms
describe the horizontal gene flow from donors (s, +p; and s; +p,) to
recipients (s, — p; and s, — p,). n; and n, are transfer rates. k; and k,
are the loss rates of the mobilizable genes.
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Here, u; and p, are the static growth rates when interspecies gene
transfer is absent. With HGT, however, the effective growth rates uf
and u§ become dynamic, which is dependent on the fractions of p; or
p, within each species. With given values of u;, 15, V1, V2, 1, N2, K1, K3,
and D, we can simulate the population dynamics and analyze the
influence of HGT on coexistence.

Calculating the coexistence feasibility of two competing species
To quantify how horizontal gene transfer influences the coexistence of
two competing species, we calculated the coexistence feasibility under
different n values, by numerical simulations with randomized para-
meters. Specifically, for each given n value, we randomized y; and u,
2000 times between O and 1h™ following uniform distributions. The
other parameters are u =u9=0. 5h7, k=0.005n"", D=0.2n"". The
fitness effect (4;) of each MGE was obtained as A; = & — 1. Each simu-
lation was initiated with equal abundances of s and’ $; (59=5,=0.5).
The dynamics of each population were simulated for up to 200 h, until
steady states were reached. The two species were defined as coexisting
when their abundances were both larger than 0.01. The coexistence
feasibilities were then calculated as the fractions of communities that
ended up with coexistence out of 2000 randomized populations.

For symmetric competition, we assumed y; =y,, while for asym-
metric competition, we assumed y; =y,/2 (Supplementary Fig. 2c).
Similarly, for symmetric transfer of genes, we assumed n, = n, (Fig. 1d),
while for asymmetric competition, we assumed n;=n,/2 (Supple-
mentary Fig. 2d).

Mathematical model of multiple competing species

Our model can be readily extended to complex communities com-
posed of multiple species. For a community of m species, the model
includes two groups of ODEs:

ds;
E_ﬂl (1 Si _Zyjl >_ Si )
J#i

d
el M,(1+/1,,){H <1+A,k”‘k>]p,~j<1—s,-—

k#i,j

> Vi 5;‘)

J# (8)
m

+ (Si - pij) ; NjkiPyj — (D + Kij>pij-(i¢j)

Here, s; represents the abundance of the i-th species, and p;
represents the abundance of cells in the i-th species that acquires
s;-originated mobile genes. We assumed p; =s;, while for i#j, the
dynamlcs of p;; is described by Eq. (8). 4if is the effective growth rate of
s; and can be calculated by puf ”’ng“/lyi") y; is defined as
=1 (1+/1,j) 12 is the basal growth rate of the i-th'species determined
by the non-mobilizable genes. A; is the fitness effect of the s;-origi-
nated mobile genes in the 1th species. y;; describes the negatlve
interaction thats; imposes on the i-th species. 7y is the transfer rate of
the s ongmated genes from species k to species i. D and k;; are the
dllutlon and gene loss rate, respectively.

Calculating the coexistence feasibility of multiple competing
species

For a community of m competing species, the coexistence feasibility
is defined as the fraction of growth rate combinations that allow the
stable coexistence of all species. For each given species number
between 2 and 26, we approximated the coexistence feasibility by
numerical simulations with randomized y; values between 0.4 and
0.6 h” following uniform distributions. The fitness effect (4;;) of each
MGE was calculated as ;= I’l‘— —1 where p®=0.51"". Here, we
assumed that the fitness effect of each type of MGEs is independent
of the host species. The other parameters are K,-j=0.005h71,

D=0.2h"" and yij=0.9h*1. A population was defined as coexisting
when the abundances of all species were larger than 0.01.

The relationship between growth rate variability and population
diversity

Numerical simulations were performed using the classis LV model
without HGT. Here we focused on communities of 20 competing
species with 11?=O.5h_1, D=0.2n7", Vi =0.9. y; values were rando-
mized 5000 times following uniform distributions. Each time the mean
of the uniform distribution equaled 0.5, while the distribution width
was randomized between O and 0.5.

Quantification of population diversity by Shannon index
Shannon index, a common metric used in ecology to measure diver-
sity, is defined as follows:

e )] o

where s; is the abundance of the i-th species and sy is the total abun-
dance:s; = Y"1 s;.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The simulation data generated in this study have been deposited in the
Github repository’. Source data are provided with this paper.

Code availability
All the codes associated with the numerical simulations and analysis of
this paper are available at the Github repository”.

References

1. Foster, K. R. & Bell, T. Competition, not cooperation, dominates
interactions among culturable microbial species. Curr. Biol. 22,
1845-1850 (2012).

2. Ghoul, M. & Mitri, S. The ecology and evolution of microbial com-
petition. Trends Microbiol. 24, 833-845 (2016).

3. Achtman, M. & Wagner, M. Microbial diversity and the
genetic nature of microbial species. Nat. Rev. Microbiol. 6,
431-440 (2008).

4.  Grilli, J. et al. Feasibility and coexistence of large ecological com-
munities. Nat. Commun. 8, 1-8 (2017).

5.  May, R. M. Will a large complex system be stable? Nature 238,
413-414 (1972).

6. Servan, C. A., Capitan, J. A., Grilli, J., Morrison, K. E. & Allesina, S.
Coexistence of many species in random ecosystems. Nat. Ecol.
Evolut. 2, 1237-1242 (2018).

7. Blasche, S. et al. Metabolic cooperation and spatiotemporal niche
partitioning in a kefir microbial community. Nat. Microbiol. 6,
196-208 (2021).

8. Quinn, R. A. et al. Niche partitioning of a pathogenic microbiome
driven by chemical gradients. Sci. Adv. 4, eaau1908 (2018).

9. Wu, F. et al. Modulation of microbial community dynamics by
spatial partitioning. Nat. Chem. Biol. 18, 394-402 (2022).

10. Rosen, M. J., Davison, M., Bhaya, D. & Fisher, D. S. Fine-scale
diversity and extensive recombination in a quasisexual bacterial
population occupying a broad niche. Science 348,

1019-1023 (2015).

1. Acinas, S. G. et al. Fine-scale phylogenetic architecture of a com-
plex bacterial community. Nature 430, 551-554 (2004).

12. Hubbell, S. P. Neutral theory and the evolution of ecological
equivalence. Ecology 87, 1387-1398 (2006).

Nature Communications | (2024)15:800


https://github.com/twang1993/DiversityByGeneTransfer
https://github.com/twang1993/DiversityByGeneTransfer

Article

https://doi.org/10.1038/s41467-024-45154-w

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Rosindell, J., Hubbell, S. P. & Etienne, R. S. The unified neutral
theory of biodiversity and biogeography at age ten. Trends Ecol.
Evolut. 26, 340-348 (2011).

Rocha, E. P. Neutral theory, microbial practice: challenges in bac-
terial population genetics. Mol. Biol. Evolut. 35, 1338-1347 (2018).
Nee, S. The neutral theory of biodiversity: do the numbers add up?
Funct. Ecol. 19, 173-176 (2005).

Soucy, S. M., Huang, J. & Gogarten, J. P. Horizontal gene transfer:
building the web of life. Nat. Rev. Genet. 16, 472-482 (2015).
Arnold, B. J., Huang, I.-T. & Hanage, W. P. Horizontal gene transfer
and adaptive evolution in bacteria. Nat. Rev. Microbiol. 20,
206-218 (2022).

Brito, I. L. Examining horizontal gene transfer in microbial commu-
nities. Nat. Rev. Microbiol. 19, 442-453 (2021).

Touchon, M. et al. Organised genome dynamics in the Escherichia
coli species results in highly diverse adaptive paths. PLoS Genet. 5,
€1000344 (2009).

Brito, I. L. et al. Mobile genes in the human microbiome are struc-
tured from global to individual scales. Nature 535, 435-439 (2016).
Rankin, D. J., Rocha, E. P. & Brown, S. P. What traits are carried on
mobile genetic elements, and why? Heredity 106, 1-10 (2011).
Best, R. J. et al. Transgenerational selection driven by divergent
ecological impacts of hybridizing lineages. Nat. Ecol. Evolut. 1,
1757-1765 (2017).

Harmon, L. J. et al. Evolutionary diversification in stickleback affects
ecosystem functioning. Nature 458, 1167-1170 (2009).

Reznick, D. N. & Travis, J. Experimental studies of evolution and eco-
evo dynamics in guppies (Poecilia reticulata). Annu. Rev. Ecol.,
Evolution, Syst. 50, 335-354 (2019).

Ronco, F. et al. Drivers and dynamics of a massive adaptive radiation
in cichlid fishes. Nature 589, 76-81 (2021).

El Taher, A. et al. Gene expression dynamics during rapid orga-
nismal diversification in African cichlid fishes. Nat. Ecol. Evolut. 5,
243-250 (2021).

Laland, K. N., Odling-Smee, F. J. & Feldman, M. W. Evolutionary
consequences of niche construction and their implications for
ecology. Proc. Natl Acad. Sci. USA 96, 10242-10247 (1999).
Laland, K., Matthews, B. & Feldman, M. W. An introduction to niche
construction theory. Evolut. Ecol. 30, 191-202 (2016).

Andersson, D. I. & Hughes, D. Antibiotic resistance and its cost: is it
possible to reverse resistance? Nat. Rev. Microbiol. 8, 260-271
(2010).

Letten, A. D., Hall, A. R. & Levine, J. M. Using ecological coexistence
theory to understand antibiotic resistance and microbial competi-
tion. Nat. Ecol. Evolut. 5, 431-441 (2021).

Castaneda-Barba, S., Top, E. M. & Stalder, T. Plasmids, a molecular
cornerstone of antimicrobial resistance in the One Health era. Nat.
Rev. Microbiol. 22, 18-32 (2024).

Kong, W., Meldgin, D. R., Collins, J. J. & Lu, T. Designing microbial
consortia with defined social interactions. Nat. Chem. Biol. 14,
821-829 (2018).

Johns, N. I., Blazejewski, T., Gomes, A. L. & Wang, H. H. Principles for
designing synthetic microbial communities. Curr. Opin. Microbiol.
31, 146-153 (2016).

Adler, P. B., HilleRisLambers, J. & Levine, J. M. A niche for neutrality.
Ecol. Lett. 10, 95-104 (2007).

Nguyen, J. et al. A distinct growth physiology enhances bacterial
growth under rapid nutrient fluctuations. Nat. Commun. 12,

3662 (2021).

Shapiro, B. J. et al. Population genomics of early events in the
ecological differentiation of bacteria. Science 336, 48-51(2012).
Kosterlitz, O. et al. Estimating the transfer rates of bacterial plas-
mids with an adapted Luria-Delbrlck fluctuation analysis. PLoS
Biol. 20, e3001732 (2022).

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

Lopatkin, A. J. et al. Persistence and reversal of plasmid-mediated
antibiotic resistance. Nat. Commun. 8, 1689 (2017).

Dieterich, W., Schink, M. & Zopf, Y. Microbiota in the gastrointestinal
tract. Med. Sci. 6, 116 (2018).

Manhart, M. & Shakhnovich, E. |. Growth tradeoffs produce complex
microbial communities on a single limiting resource. Nat. Commun.
9, 3214 (2018).

Goldford, J. E. et al. Emergent simplicity in microbial community
assembly. Science 361, 469-474 (2018).

Grilli, J. et al. Feasibility and coexistence of large ecological com-
munities. Nat. Commun. 8, 14389 (2017).

Saavedra, S., Rohr, R. P., Olesen, J. M. & Bascompte, J. Nested
species interactions promote feasibility over stability during the
assembly of a pollinator community. Ecol. Evolut. 6,

997-1007 (2016).

Song, C., Rohr, R. P. & Saavedra, S. A guideline to study the feasi-
bility domain of multi-trophic and changing ecological commu-
nities. J. Theor. Biol. 450, 30-36 (2018).

Rohr, R. P., Saavedra, S. & Bascompte, J. On the structural stability
of mutualistic systems. Science 345, 1253497 (2014).

Allesina, S. & Tang, S. Stability criteria for complex ecosystems.
Nature 483, 205-208 (2012).

Allesina, S. et al. Predicting the stability of large structured food
webs. Nat. Commun. 6, 7842 (2015).

Acar Kirit, H., Lagator, M. & Bollback, J. P. Experimental determi-
nation of evolutionary barriers to horizontal gene transfer. BMC
Microbiol. 20, 1-13 (2020).

Gama, J. A., Zilhdo, R. & Dionisio, F. Plasmid interactions can
improve plasmid persistence in bacterial populations. Front.
Microbiol. 11, 2033 (2020).

Silva, R. F. et al. Pervasive sign epistasis between conjugative
plasmids and drug-resistance chromosomal mutations. PLoS
Genet. 7, €1002181 (2011).

San Millan, A., Heilbron, K. & MacLean, R. C. Positive epistasis
between co-infecting plasmids promotes plasmid survival in bac-
terial populations. ISME J. 8, 601-612 (2014).

Bonham, K. S., Wolfe, B. E. & Dutton, R. J. Extensive horizontal gene
transfer in cheese-associated bacteria. Elife 6, €22144 (2017).
Caro-Quintero, A., Konstantinidis, K. T. & Inter-phylum, H. G. T. has
shaped the metabolism of many mesophilic and anaerobic bac-
teria. ISME J. 9, 958-967 (2015).

Fan, Y., Xiao, Y., Momeni, B. & Liu, Y.-Y. Horizontal gene transfer can
help maintain the equilibrium of microbial communities. J. Theor.
Biol. 454, 53-59 (2018).

Coyte, K. Z. et al. Horizontal gene transfer and ecological interactions
jointly control microbiome stability. PLoS Biol. 20, e3001847 (2022).
Saether, B.-E. & Engen, S. The concept of fitness in fluctuating
environments. ?Trends Ecol. Evolut. 30, 273-281 (2015).

Nguyen, J., Lara-Gutiérrez, J. & Stocker, R. Environmental fluctua-
tions and their effects on microbial communities, populations and
individuals. FEMS Microbiol. Rev. 45, fuaaO68 (2021).
Rodriguez-Verdugo, A., Vulin, C. & Ackermann, M. The rate of
environmental fluctuations shapes ecological dynamics in a two-
species microbial system. Ecol. Lett. 22, 838-846 (2019).

Letten, A. D., Dhami, M. K., Ke, P.-J. & Fukami, T. Species coexistence
through simultaneous fluctuation-dependent mechanisms. Proc.
Natl Acad. Sci. USA 115, 6745-6750 (2018).

Johnson, E. C. & Hastings, A. Coexistence in spatiotemporally
fluctuating environments. Theor. Ecol. 16, 59-92 (2023).

Liu, M., Rubenstein, D. R., Cheong, S. A. & Shen, S.-F. Antagonistic
effects of long-and short-term environmental variation on species
coexistence. Proc. R. Soc. B 288, 20211491 (2021).

Springael, D. & Top, E. M. Horizontal gene transfer and microbial
adaptation to xenobiotics: new types of mobile genetic elements

Nature Communications | (2024)15:800



Article

https://doi.org/10.1038/s41467-024-45154-w

and lessons from ecological studies. Trends Microbiol. 12,
53-58 (2004).

63. Hibbing, M. E., Fuqua, C., Parsek, M. R. & Peterson, S. B. Bacterial
competition: surviving and thriving in the microbial jungle. Nat. Rev.
Microbiol. 8, 15-25 (2010).

64. Gibson, B. & Eyre-Walker, A. Investigating evolutionary rate varia-
tion in bacteria. J. Mol. Evolut. 87, 317-326 (2019).

65. Niehus, R., Mitri, S., Fletcher, A. G. & Foster, K. R. Migration and
horizontal gene transfer divide microbial genomes into multiple
niches. Nat. Commun. 6, 8924 (2015).

66. Niehaus, L. et al. Microbial coexistence through chemical-mediated
interactions. Nat. Commun. 10, 2052 (2019).

67. Logan, B. E. & Rabaey, K. Conversion of wastes into bioelectricity
and chemicals by using microbial electrochemical technologies.
Science 337, 686-690 (2012).

68. Fan, Y. & Pedersen, O. Gut microbiota in human metabolic health
and disease. Nat. Rev. Microbiol. 19, 55-71 (2021).

69. Chen, Q.-L., Ding, J., Zhu, Y.-G., He, J.-Z. & Hu, H.-W. Soil bacterial
taxonomic diversity is critical to maintaining the plant productivity.
Environ. Int. 140, 105766 (2020).

70. Jain, A. & Srivastava, P. Broad host range plasmids. FEMS Microbiol.
Lett. 348, 87-96 (2013).

71. Palencia-Gandara, C. et al. Conjugation inhibitors effectively pre-
vent plasmid transmission in natural environments. MBio 12,
01277-01221 (2021).

72. Zhu, S., Hong, J. & Wang, T. Horizontal gene transfer is predicted to
overcome the diversity limit of competing microbial species.
Github https://doi.org/10.5281/zenodo.10437657 (2023).

Acknowledgements

We thank Prof. Po-Yi Ho and Prof. Xiao Yi for their comments and sug-
gestions on an earlier draft of this paper. This work is supported by the
startup fund awarded to Teng Wang by Shenzhen Institute of Synthetic
Biology.

Author contributions

S.Z. conceived the research, performed the modeling, conducted

the analysis, and wrote the paper. J.H. assisted with modeling and
manuscript editing. T.W. conceived the research, performed the mod-
eling, conducted the analysis, and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45154-w.

Correspondence and requests for materials should be addressed to
Teng Wang.

Peer review information Nature Communications thanks Jean Vila and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:800


https://doi.org/10.5281/zenodo.10437657
https://doi.org/10.1038/s41467-024-45154-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Horizontal gene transfer is predicted to overcome the diversity limit of competing microbial species
	Results
	Discussion
	Methods
	Mathematical model of two competing species
	Calculating the coexistence feasibility of two competing species
	Mathematical model of multiple competing species
	Calculating the coexistence feasibility of multiple competing species
	The relationship between growth rate variability and population diversity
	Quantification of population diversity by Shannon�index
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




