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E C O L O G Y

Transient invaders can induce shifts between 
alternative stable states of microbial communities
Daniel R. Amor*, Christoph Ratzke, Jeff Gore*

Microbial dispersal often leads to the arrival of outsider organisms into ecosystems. When their arrival gives rise 
to successful invasions, outsider species establish within the resident community, which can markedly alter the 
ecosystem. Seemingly less influential, the potential impact of unsuccessful invaders that interact only transiently 
with the community has remained largely ignored. Here, we experimentally demonstrate that these transient in-
vasions can induce a lasting transition to an alternative stable state, even when the invader species itself does not 
survive the transition. First, we develop a mechanistic understanding of how environmental changes caused by 
these transient invaders can drive a community shift in a simple, bistable model system. Beyond this, we show 
that transient invaders can also induce switches between stable states in more complex communities isolated 
from natural soil samples. Our results demonstrate that short-term interactions with an invader species can induce 
lasting shifts in community composition and function.

INTRODUCTION
Microbes are extremely adept at dispersal (1, 2), their migrations 
allowing them to colonize the most remote environments such as 
young ocean crust (3), medical implants (4), or even our space sta-
tions (5). Although this flow of dispersed microbes could homoge-
nize microbial communities around the globe, countless microbial 
ecosystems nonetheless exhibit distinctive community stability (6). 
Not only this, but microbial communities can display different 
regimes known as alternative stable states (7–13), which, in turn, 
determine ecosystem functions such as host health. For example, 
the opportunistic pathogen Clostridium difficile can take over the 
gut microbiome of susceptible hosts, leading to an unhealthy, highly 
persistent community state (14). Moreover, microbial ecosystems 
often undergo transitions between alternative stable states in response 
to environmental disturbance (15–17), analogous to regime shifts 
observed in macroecosystems under stress (18–20). Among the many 
different stresses that can alter microbial ecosystems, however, there 
is still very little understanding of how microbial dispersal affects 
the stability of communities.

Much like other kinds of perturbations, the arrival of invader 
species (21) can markedly alter the structure of the resident com-
munity. Two major outcomes are typically analyzed in microbial 
invasions (22): establishment of the invader, which leads to changes 
in community composition (23), and community resilience, in which 
the invader is eliminated and the community remains unaltered 
(24). Beyond these two classical outcomes, however, the idea that 
transient microbiota can affect microbial ecosystems (25–27) has 
only recently been recognized. In the human gut microbiome, for 
example, many ingested microbes merely inhabit the gut temporarily, 
though, in some cases, they can potentially affect both the functionality 
and stability of the resident community (28). Nevertheless, the mecha-
nisms allowing these transient microbes to interfere with the state of 
the resident community are very rarely understood (29)—specifically, 
whether community changes would last beyond the extinction of 
the invader has remained unexplored. This begs a better under-

standing of how transient community members affect microbial 
ecosystems in the long term.

RESULTS
Transient invaders can induce community shifts in a bistable 
model ecosystem
To explore how invasions affect multistable communities, we began 
by using a minimal model system in which two bacterial species 
mutually inhibit each other. As shown in our previous work, cocultur-
ing Corynebacterium ammoniagenes (Ca) and Lactobacillus plantarum 
(Lp) under a serial dilution protocol leads to two alternative out-
comes. Lp can outcompete its partner by modifying the pH toward 
acidic values in which Ca cannot grow. Alternatively, Ca can induce 
a pH change toward alkaline values that inhibits Lp growth. In this 
way, either Ca or Lp can grow to dominate the ecosystem, depending 
on their initial relative abundance (30).

To determine whether both outcomes correspond to stable states 
of the system, we cocultured these two species under serial dilutions 
including a low migration rate, which we applied by adding fresh 
cells of each species into the ecosystem after every dilution cycle 
(Fig. 1A, fig. S1, and Materials and Methods). Despite this migra-
tion, the ecosystem still exhibited two alternative outcomes (Fig. 1B). 
This indicates that the two outcomes constitute alternative stable 
states of the ecosystem, each of them with a basin of attraction 
(Fig. 1B) that allows the system to resist some degree of stress or 
perturbation, such as moderate migration episodes.

We next studied the effects of introducing an invader species 
into our bistable microbial ecosystem. For this purpose, we first 
mixed Lp and Ca cells at a 95:5 ratio in replicate cocultures and 
applied two daily cycles of dilution and migration, allowing the 
system to reach one of its stable states. During the third dilution 
cycle, we inoculated an invader species into the coculture, simulating 
a single shot invasion (Fig. 1C). As expected, we observed a variety 
of invasion outcomes out of seven different invader species. Only 
one invader candidate, namely, Bacillus cereus (Bc), succeeded at 
establishing itself in the community (fig. S2), while the other six invader 
species performed unsuccessful invasions (fig. S3). Escherichia coli 
(Ec) or Pseudomonas veronii (Pv), for example, both mirrored classical 
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unsuccessful invasions, as these invader species neither survived nor 
significantly affected the ecosystem.

We also identified unsuccessful invasions that induced long-term 
changes in the resident community, which is an invasion outcome be-
yond the two classical ones. In particular, an invasion by Pseudomonas 
chlororaphis (Pc) led to a shift toward the stable state governed by 
Ca. Pc reaches extinction (falls below the detection limit) within 
48 hours following its arrival into the community (Fig. 1D). Despite 
remaining for only a short time in the system (fig. S4), Pc affects the 
competition outcome between Lp and Ca, eventually leading to an 
increase in the Ca fraction that allows the community to reach its 
alternative stable state. This kind of unsuccessful invasion can be 
seen as a perturbation that drives the resident community toward 
the basin of attraction of an alternative stable state, where it remains 
after the perturbation ceases.

Environmental modulation by transient invaders can drive 
shifts between alternative stable states
In addition to a change in species abundances, we observed a rapid 
pH shift in the microbial environment following the invader inocu-
lation (Fig. 2A). pH measurements at the end of each daily cycle 
revealed consistent acidification of the media in the initial community 
state: The pH dropped from 6.5 to 3.7 (±0.1) during each 24-hour 
cycle before the invasion. In contrast, the system persistently reached 
highly alkaline values (pH 9.2 ± 0.1) in every cycle following the in-

vader inoculation. We hypothesized that the invader could have 
induced the rapid shift in pH, this environmental change driving 
the transition between alternative states.

Feedback between microbial growth and pH (30) was previously 
shown to drive the interaction between the resident species, Ca and 
Lp. Measuring the pH change after culturing Ca for 24 hours 
showed that this species was able to remarkably alkalize the envi-
ronment (Fig. 2B). Moreover, culturing Ca at different pH values 
revealed that its growth is strongly favored in alkaline environments, 
showing that Ca modifies the environment in a way that promotes 
its own growth. Similarly, Lp is able to acidify the environment in a 
way that is sustainable for itself but not for Ca. The invader species 
Pc displays a different pattern, since Pc induces a pH increase that it 
is not beneficial for itself (Fig. 2B). Instead, Pc inhibits its own 
growth by driving the pH toward highly alkaline values, where Ca 
grows optimally. We also studied the effects of externally applied 
pH shocks, which revealed that temporary perturbations in the pH 
were sufficient to induce transitions between the Ca and Lp stable 
states (Fig. 2C and fig. S5). Together, these results show that pH 
modification by an invader species, namely, Pc, can trigger switches 
from the stable state governed by Lp toward the one governed by Ca.

To better understand switches between alternative stable states 
that result from environmentally mediated microbial interactions, 
we developed a theoretical model incorporating the main features 
of our experimental system (fig. S6) including daily dilutions, 
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Fig. 1. Transient invaders can induce shifts between alternative stable states in a laboratory ecosystem. (A) We exposed cocultures of Lp and Ca to a serial dilution 
protocol that includes daily migration of fresh cells from both species. (B) Average fraction (three replicates, SE smaller than linewidth) of Lp cells in the community at the 
end of each dilution cycle, as described in (A). Depending on the initial species fraction, cocultures reach a different outcome in which either species grows to dominate 
the system. The inset cartoon shows a mechanical analog of the ecosystem: Each of the two basins of attraction can keep the marble (the community) in an alternative 
stable state. (C) We explored the effects of invasions into this bistable ecosystem. The cartoon shows an unsuccessful invasion by Pc that nevertheless induced a shift 
toward an alternative stable state. (D) Time series for the cell densities during an unsuccessful invasion by Pc (bars show the SE of three replicates). The inset cartoon de-
picts this invasion event as a perturbation that drives the system toward an alternative basin of stability, where it remains after the perturbation is gone.
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migration, and pH modification by microbes. This minimal model 
uses simple step functions to determine (i) the pH range in which a 
species can actively modify the pH, and (ii) the pH range in which 
each species either grows or is harmed. This simple model is able to 
recapitulate the observed outcomes for our bistable community, 
including invader-induced transitions between stable states (fig. S6). 
Furthermore, we identified three specific features allowing unsuc-
cessful invaders to cause switches between alternative stable states 
in in silico communities (Fig. 2D). To disrupt the initial stable state, 
the invader first has to be able to overcome the resident species at 
modifying the environment. This can be achieved through a com-
bination of (i) fast growth in the existing pH and (ii) a high ability 
to modify the pH. As a consequence of these two requirements, the 
model predicts a minimum inoculum size for the invader to cause 
shifts in the community, a prediction that we further validated 
experimentally (fig. S6). Last, losing the competition against the 
resident species once the environment has changed makes the in-
vader unsuccessful. This leads to the third requirement: (iii) Tran-
sient invaders exhibit compromised growth in the final pH. As 
shown in Fig. 2B, Pc exhibits these three generic features that enable 
it to act as a transient invader that alters the state of the resident 
community.

To determine whether these three generic features predict which 
invaders can trigger switches between alternative stable states, we 
characterized the feedback between microbial growth and pH for 
the six unsuccessful invaders mentioned previously (fig. S3). Among 
those candidates, the species Pseudomonas aurantiaca (Pa) exhibited 
very similar features to those of the transient invader Pc (Fig. 2E). 
An invasion by Pa into the Lp stable state also induced a community 
switch in the bistable ecosystem (Fig. 2F and fig. S3). In contrast, an 
invasion by Pv did not result in a community switch. While Pv also 
alkalizes the environment, its lower growth rate potentially com-
promises its ability to overcome the initially abundant Lp species, as 
predicted by the model (Fig. 2D and fig. S6). The last three unsuc-
cessful invaders, namely, Enterobacter aerogenes (Ea), Ec, and 
Serratia marcescens (Sm), modify the pH toward acidic values, and 
as expected based on the direction of the pH change, they were not 
able to induce a shift toward the alkaline (Ca) state. Instead, when 
the ecosystem was initially in the Ca stable state, we observed tran-
sient invasions by Sm that can induce a transition toward the acidic 
state governed by Lp (fig. S7), showing that the direction of the 
switch can be controlled by inoculating different invader species. 
Analogous to the case of Pa and Pc, the transient invader Sm also 
exhibits the highest growth rates among the three species that induce 

Transient invader?
- Strong pH modi�er
- Fast growth at initial pH
- Compromised growth at �nal pH

?
++

+

D

Sm

Ea

Ec

Pv

Pa

Pc

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5
Initial pH

S
pe

ci
es

Sm

Ea

Ec

Pv

Pa

Pc

Transient invader?Fold growth
(ODf / ODi)

0 500 1000
Lp     Ca Ca     Lp

E 1500

C

0

0

1

−2 0 2 4
Day

Lp
 fr

ac
tio

n

Shock at
pH 8.5

4

6

8

10

−2 0 2 4
Day

pH

F

0

400

800

1200

2.5 4.5 6.5 8.5 10.5
Initial pH

F
ol

d 
gr

ow
th

 (
O

D
f/O

D
i) pH modulation

B

Growth 

A

4

6

8

10

−2 0 2 4
Day

pH

Fresh media

End of cycle

Fig. 2. Feedback loops between microbial growth and pH can determine the community impact of transient invaders. (A) Observed shift in pH after a Pc invasion 
into the stable state governed by Lp. The solid line stands for the pH at the end of each daily cycle. During each cycle, microbes induce changes in the pH of the fresh 
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transferred to alkaline medium during a single daily cycle (gray area) induced a transition from the Lp state to the Ca state (orange), while cocultures in the Ca state (green) 
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acidification (Fig. 2E). Together, these results show that how invaders 
modify the environment and react to it can determine the outcome 
of microbial invasions in a relatively simple bistable community.

Transient invaders can induce lasting shifts in complex 
microbial communities
Given that we used a minimal model system that exhibits bistability 
between two laboratory strains, the question arises of whether anal-
ogous community dynamics could unfold from transient invasions 
in more complex microbial ecosystems. To address this question, 
we propagated a natural soil sample in the laboratory under serial 
dilution and looked for signatures of multistability. After nine daily 
cycles, 74 of 88 replicate cultures originating from the same soil 
sample exhibited optical densities above the detection limit. Analysis 
of the time series for the pH (Fig. 3A), as well as optical density (OD) 
and plating on agar suggested that the different replicates reached a 
wide variety of community states (fig. S8) exhibiting different species 
composition. These results are in agreement with recent findings 
showing that soil communities can relax into alternative community 
compositions when propagated in laboratory environments (31).

We identified two community states that were consistently able 
to resist low doses of migration from one another (Fig. 3B and fig. S9). 
Analogous to the results in Fig. 1, A and B, this indicated the pres-
ence of alternative stable states in the microcosms originated from 

the soil community. Sequencing revealed that one community was 
dominated by a Pantoea and the other was dominated by closely 
related Bacillus strains that display a wide range of pH-growth dy-
namics and colony morphologies (fig. S10).

Next, we inoculated different invader species into the two stable 
states governed by either Bacillus or Pantoea. Pc was consistently 
able to cause a switch toward the more alkaline stable state, the one 
dominated by Pantoea. Figure 3C shows the time series for a tran-
sient invasion by Pc as revealed by 16S amplicon sequencing. Before 
the invasion, the community is dominated by the Bacillus genus, 
but after inoculation of Pc on day 0, there is an increase of Pc 
accompanied by an increase in the abundance of Pantoea. This 
increase in Pantoea abundance continues even as the transient 
invader Pc is outcompeted. At the end of the experiment, Pantoea 
was dominant, Pc was extinct, and the abundance of Bacillus reads 
was consistent with the low migration rate applied at each dilution 
cycle. We performed three additional replicates of Pc invasions, all 
of them exhibiting analogous dynamics for both the pH (Fig. 3D) 
and community composition (Fig. 3C and fig. S11). As before, Pa 
was also able to act as a transient invader that induces a transition to 
the more alkaline community state (fig. S11). Notably, none of the 
considered invader species was able to induce a shift toward the stable 
state dominated by Bacillus, indicating a stronger stability of the 
Pantoea stable state against these invaders. Summarizing, these 
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results show that transient invaders can induce shifts between alter-
native stable states in more complex microbial ecosystems derived 
from natural communities.

DISCUSSION
Our work demonstrates that microbial communities can experience 
lasting shifts in community composition induced by transient mem-
bers. Analyzing both theoretically and experimentally a minimal 
bistable community, we have shown that feedback between micro-
bial growth and environmental conditions (specifically, the pH) can 
mechanistically drive these transitions. While our results enhance 
the relevance of environmentally mediated interactions (30, 32, 33) 
in the microbial world, phenomenological models such as the gen-
eralized Lotka-Volterra model (34) and the stable marriage problem 
(27) indicate that analogous community dynamics could unfold 
from different microbial interactions. Interactions with the host are 
of special relevance in the case of gut microbiomes, where patho-
genic invaders can induce systemic immune responses, such as bac-
terial adherence blocking and inflammation, that, in turn, affect the 
resident bacterial community (35). By selectively targeting specific 
bacterial taxa, phages (36) are exceptional candidates to act as tran-
sient invaders that reshape bacterial communities. Analogous 
boom-and-bust invasions (37) have also been reported as a main 
cause of macroecosystem disruption. Invasive herbivores, for example, 
can markedly change island landscapes before risking extinction as 
they deplete their main resources. Together, these findings suggest 
that transient invaders could frequently have a lasting impact also 
in natural microbiomes.

To date, a few longitudinal studies have linked microbial com-
munity shifts to transient invaders. Mallon et al. proposed that 
unsuccessful invaders can steer the community away from the 
invader’s niche (25) in a soil microbiome, although it remained un-
clear whether those changes lead the system to an alternative stable 
state. Notably, our analysis of the pH preference of the different 
laboratory strains is consistent with a transient invader that drives 
the community to an alternative niche. Although lacking strong 
evidence of underlying mechanisms, long-term community changes 
following transient invasions have also been observed in predator-
prey microcosms (26), freshwater phytoplankton communities (38), 
as well as after infections in the human gut microbiome (39). Our 
work suggests that community switches after unsuccessful inva-
sions may not be rare, as three of six different unsuccessful invaders 
induced a community switch in the minimal bistable community 
(two of six in the case of the soil communities). Given the currently 
increasing availability of temporal datasets for natural microbiomes, 
we expect that future analyses will frequently reveal transitions be-
tween alternative community states induced by microbial invaders.

In biomedical research, the frequent failure of probiotics (28) at 
establishing in the gut community has generated much skepticism 
about their efficacy. Our results show, however, that the manipula-
tion of transient interactions has tremendous potential to control 
the long-term dynamics of microbial communities. Thus, exploring 
new avenues in which a set of transient microorganisms can steer 
the community into a healthy state (40) could lead to less intrusive 
interventions for the host. Beyond host-associated microbiota, 
future work could apply similar treatments to different microbial 
ecosystems (e.g., agricultural soil) and also explore the effects of 
coinvasions in which multiple invader species are involved.

MATERIALS AND METHODS
Media, buffer, cultures, and plating
Overnight precultures of laboratory strains were performed in nu-
trient media (NM) (30): yeast extract (10 g/liter) and soytone (10 g/liter) 
(both Becton Dickinson, Franklin Lakes, USA) and 10 mM sodium 
phosphate (pH 7). The experiments were performed in base media 
(30) (hereafter, BM) supplemented with glucose and urea. The stock of 
BM was prepared as follows: yeast extract (1 g/liter), soytone (1 g/liter), 
10 mM sodium phosphate buffer, 0.1 mM CaCl2, 2 mM MgCl2, 
NiSO4 (4 mg/liter), MnCl2 (50 mg/liter), and 1X Trace Metals Mix-
ture (Teknova, Hollister, CA), pH 6.5. A standard concentration of 
10 mM sodium phosphate in BM was used in all the experiments, 
with the exception of experiments measuring the growth depen-
dence on the pH (Fig. 2D) of monocultures, in which BM contained 
100 mM sodium phosphate. Supplemented base media (SBM) for 
the experiments was prepared daily by adding glucose (10 g/liter) 
and urea (8 g/liter) to BM. All media were filter-sterilized using 
VWR Bottle Top Filtration Unit (VWR, Radnor, USA).

Before plating for colony-forming units (CFU) counting, exper-
imental cultures were diluted in phosphate-buffered saline (PBS; 
Corning, New York, USA). Plating was performed on tryptic soy broth 
(TSB; Teknova, Hollister, USA) with 2.5% agar (Becton Dickinson, 
Franklin Lakes, USA), in which we adjusted the pH to different values 
for selective plating (see below).

Overnight precultures took place in 5 ml of NM, inside 50-ml 
Falcon tubes for 24 hours in the case of Ca and Lp and 16 hours for 
the rest of strains, shaking at 250 rpm on a New Brunswick Innova 
2100 shaker (Eppendorf, Hauppauge, NY, USA). Experimental 
cultures took place in 96-deepwell plates covered with AeraSeal 
adhesive sealing films (Excel Scientific, Victorville, USA), shaking 
at 1350 rpm using a Heidolph platform shaker (Titramax 100, 
Heidolph North America, Elk Grove Village, IL, USA). All precul-
tures and cultures were incubated at 30°C, with a relative humidity 
of 50%.

Laboratory strains
Lp (ATCC 8014), Ca (ATCC 6871), Pc (ATTC 9446), Ea (ATCC 
13048), Pa (ATCC 33663), Pv (ATCC 423 700474), and Sm (ATCC 
13880) were obtained from the American Type Culture Collection. 
Bc was obtained from Ward’s Scientific Catalog. Ec MC4100 (CGSC 
#6152) was obtained from the E. coli Genetic Stock Center.

Soil microcosms
The soil was sampled from a lawn in Cambridge, Massachusetts, at 
a depth of ~15 cm. About 20 grains of soil (~0.5 g) were diluted into 
20 ml of PBS, vortexed at intermediate speed for 30 s, and then 
incubated on a shaker at 250 rpm. After 30 min, the sample was 
allowed to settle for 5 min and the supernatant was transferred to a 
new Falcon tube. Aliquots (7 l) of this supernatant were then 
transferred into 203 l of SBM in a 96-deepwell plate, inoculating a 
total of 88 replicates. We applied seven daily dilution cycles to the 
88 replicates as explained in the main text, and at the end of day 7 
(which corresponds to day −4 in Fig. 3A), we froze the resulting 
communities (transferring them to a final concentration of 40% 
glycerol and then storing at −80°C).

Invasions to the soil communities were initiated by sampling the 
−80°C stocks to inoculate 203 l of SBM in 96-deepwell plates. 
Then, we exposed these communities to daily dilution cycles with 
migration (see the “Migration” section below). To facilitate the 
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thawed samples to recover stability after coming from −80°C, 
migration was not applied during the first daily cycle. Invaders were 
inoculated along the dilution protocol after the end of the fourth 
cycle. We used Ea, Ec, Pa, Pc, Pv, and Sm as candidate invader spe-
cies for the soil communities.

Daily dilutions
At the end of every daily cycle, a 30-fold dilution was applied by 
transferring 7 l of the experimental cultures into 203 l of fresh 
SBM using a Viaflo 96-well pipettor (Viaflo 96, Integra Biosciences, 
Hudson, USA; Viaflo settings: pipet/mix program, aspirating 7 l, 
three mixing cycles, mixing volume of 10 l, speed of 6).

Migration
Overnight cultures of both Ca and Lp were washed in 15 ml of 
BM. To increase accuracy at adjusting the population densities of 
the migrant cells, we first adjusted both monocultures to an OD/cm 
of approximately 2.0 and then performed a second round of adjust-
ment to a final OD/cm of 0.37 for Ca and 0.24 for Lp. We then 
mixed 10 ml of each monoculture, resulting in 20 ml of the migrant 
cells mix. Using a Viaflo 96-well pipettor, 3 l of a fresh migrant mix 
was inoculated in the experimental cultures right after each dilution 
cycle (Viaflo settings: pipet/mix program, aspirating 3 l, three 
mixing cycles, mixing volume of 10 l, speed of 6). This resulted in 
a daily inoculation of (1.2 ± 0.1) × 105 fresh cells from each species 
into the culture (fig. S1).

To apply migrations between the stable states of the soil commu-
nities, at the beginning of the experiment, we initiated several con-
trol cultures from both stable states. These control cultures were 
exposed to 30-fold daily dilutions in parallel to the rest of experi-
mental cultures. During each dilution cycle, samples of these con-
trol cultures were diluted by 100-fold in BM using a Viaflo 96-well 
pipettor. The resulting dilutions from each stable state were mixed 
at a 1:1 ratio so that the composition of migrant cells includes spe-
cies from both stable states. Migration was applied by transferring 3 l 
of the resulting mix into wells with fresh media, where the experi-
mental cultures would also be propagated through the regular 
30-fold dilution. This resulted in 4 × 10−3 volume ratio of migrant 
cultures relative to the regularly diluted community at the beginning 
of each daily cycle.

Invader inoculation
Overnight monocultures of the strains used as invaders were washed 
in 15 ml of BM. Then, we adjusted the OD/cm to obtain a final popu-
lation density of approximately 3.3 × 108 cells/ml (OD versus CFU 
assays were performed previously to guide this adjustment). During 
the dilution cycle indicated in each figure caption, we inoculated 
3 l of the invader monocultures, resulting in an inoculation of 
approximately 105 invader cells (<10% of the total number of cells 
transferred at the beginning of the cycle; fig. S1). The same proce-
dure was used for the experiments in fig. S6F, followed by a series of 
additional 10-fold dilutions to obtain the reported inoculum sizes. 
A higher inoculum size of 3 × 106 was used in fig. S7 for Sm to 
induce transitions toward the Lp state.

Characterization of the soil Bacillus strains
To isolate the three bacillus strains used in fig. S10, we plated a 
diluted sample of the community (corresponding to day −4 in Fig. 3A, 
cream-colored curve) into a TSB agar plate. We picked each of the 

three colony morphologies and performed an overnight culture in 
NM, and then we stored the monocultures (−80°C, 40% glycerol). 
Plating samples of each overnight monoculture revealed a unique 
colony morphology for each monoculture, confirming a heritable 
colony morphology that is distinctive of each strain (fig. S10).

For the competition experiments between the isolated Bacillus 
strains (fig. S10), we grew colonies from the frozen isolates (1 day 
on TSB agar plates, 30°C). We then picked individual colonies to 
perform overnight cultures in NM. The next morning, we washed 
the monocultures in 15 ml of BM and then measured their OD and 
adjusted to a final population density of 3.3 × 108 CFU/ml (a previous 
independent CFU versus OD assay was performed to guide the 
population density adjustments). Then, we mixed the monocul-
tures at the indicated ratios and inoculate 3 l of the mixes into 207 
l of SBM to initiate the daily dilution cycles.

Estimation of population densities (CFU/ml)
For CFU counting, 10-l droplets of PBS-diluted cultures were plated 
on agar. We used agar plates at pH 5 for selective plating of Lp, 
pH 10 to select for Ca colonies, and pH 7 to count the abundance 
of the rest of the strains (including those in the soil communities). 
Colonies from the different invaders generally grew faster than 
Ca and Lp on pH 7 agar, which allowed measurements of invader 
cell densities at very low abundances (down to relative fractions of 
approximately 10−4).

To prepare the 10-l droplets, we serially diluted the experimental 
cultures via 10-fold dilutions (maximal dilution factor was 10−7) with 
a Viaflo 96-well pipettor using the program “pipet/mix” (pipetting 
volume, 20 l; mixing volume, 180 l; mixing cycles, 5; mixing 
and pipetting speed, 8). Droplets (10 l) were then transferred to 
150-mm-diameter agar plates with the 96-well pipettor (program 
“reverse pipette”; uptake volume, 20 l; released volume, 10 l; 
pipetting speed, 2). Droplets were allowed to dry, and the plates were 
incubated at room temperature for 1 to 2 days until colonies were 
visible. The different dilution steps allowed us to find a dilution at 
which colonies could be optimally counted with a Leica dissecting 
microscope (between ~5 and ~50 colonies). Up to three plating 
replicates per condition were performed to increase accuracy at 
measuring population densities.

pH measurement
To measure the pH of the microbial cultures, 150-l samples were 
transferred into 96-well polymerase chain reaction plates (VWR, 
Radnor, USA), and the pH was measured using a pH microelectrode 
(Orion, PerpHecT, ROSS).

16S ribosomal RNA gene sequencing and analysis
The DNA extractions were performed using an Agencourt DNAdvance 
A48705 extraction kit (Beckman Coulter, Indianapolis, IN, USA) fol-
lowing the provided protocol. The obtained DNA was used for 16S 
amplicon sequencing targeting the V4-V5 region. The sequencing 
was done on an Illumina MySeq by the Center for Comparative 
Genomics and Evolutionary Bioinformatics–Integrated Microbiome 
Resource at the Dalhousie University, Halifax, NS, Canada.

We used the R package DADA2 (41) to obtain the amplicon 
sequence variants (ASVs) as described by Callahan et al. (42). 
Taxonomic identities were assigned to the ASVs by using the 
GreenGenes Database Consortium (version 13.8) (43) as a refer-
ence database.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/8/eaay8676/DC1
Fig. S1. Number of cells transferred to fresh media during daily dilution and migration steps.
Fig. S2. Successful invasion by Bc.
Fig. S3. Six different species performed unsuccessful invasions into the Ca and Lp ecosystem.
Fig. S4. The invader Pc thrives and decays within the 24 hours following inoculation into the Lp 
stable state.
Fig. S5. Temporary perturbations in pH induce shifts between the Lp and Ca states.
Fig. S6. Minimal model incorporating feedbacks between microbial growth and pH predicts a 
minimum inoculum size for the invasions to induce community shifts.
Fig. S7. The invader Sm can induce transitions from the alkaline (Ca) to the acidic (Lp) stable state.
Fig. S8. Early dynamics of soil communities in laboratory environments.
Fig. S9. Mutual resilience against migration between the Bacillus and Pantoea soil 
communities.
Fig. S10. Different behavior in laboratory microcosms for three genetically similar soil isolates.
Fig. S11. Both Pc and Pa can induce transitions from the Bacillus to the Pantoea stable states.
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