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ARTICLE

Survival of the weakest in non-transitive
asymmetric interactions among strains of E. coli
Michael J. Liao 1,2,5, Arianna Miano1,2,5, Chloe B. Nguyen1, Lin Chao3 & Jeff Hasty 1,2,4✉

Hierarchical organization in ecology, whereby interactions are nested in a manner that leads

to a dominant species, naturally result in the exclusion of all but the dominant competitor.

Alternatively, non-hierarchical competitive dynamics, such as cyclical interactions, can sus-

tain biodiversity. Here, we designed a simple microbial community with three strains of E. coli

that cyclically interact through (i) the inhibition of protein production, (ii) the digestion of

genomic DNA, and (iii) the disruption of the cell membrane. We find that intrinsic differences

in these three major mechanisms of bacterial warfare lead to an unbalanced community that

is dominated by the weakest strain. We also use a computational model to describe how the

relative toxin strengths, initial fractional occupancies, and spatial patterns affect the main-

tenance of biodiversity. The engineering of active warfare between microbial species

establishes a framework for exploration of the underlying principles that drive complex

ecological interactions.
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Inter-species interactions form a complex web that drives
ecological dynamics1–5. Competition, in particular, has been
hypothesized as a driving force for the evolution and main-

tenance of biodiversity within various ecosystems6–8. As opposed
to a hierarchical competitive structure, previous theoretical stu-
dies have shown that species diversity may be promoted by
cyclical non-transitive interactions, which describe interactions
where there is no single best competitor, but rather the network
of species competition resembles a loop9–15. The most simplified
example of this system can be described as a basic game of
rock–paper–scissors. In this system, rock beats scissors, scissors
cuts paper, and paper beats rock, resulting in cyclic competition
with no hierarchical organization. Ecologies based on this type of
interaction have been observed in various natural settings, ran-
ging from desert lizards12, and costal reef invertebrates16 to
bacterial communities11,17,18.

Of particular interest within this field of ecology is to better
understand the underlying mechanisms that contribute to the
stability of these ecosystems17–20. While the application of theory
in ecology is still limited, the principles of a non-transitive ecol-
ogy were first demonstrated experimentally using three isolated
bacterial strains consisting of a toxin producing, toxin sensitive,
and toxin resistant strain17. In this natural rock–paper–scissors
ecology, the toxin producer could kill the toxin-sensitive strain,
the toxin-sensitive strain could outgrow the toxin-resistant strain,
likewise the toxin-resistant strain could outgrow the toxin-
producing strain. This simple, non-transitive triplet demonstrated
that when interactions among the strains remained local, cyclic
competition could maintain species diversity. However, because

this study only focused on a short observation duration of 7 days,
the ability of non-transitive competition to maintain biodiversity
over an ecologically relevant duration remains unclear. Addi-
tionally, because this previous study did not provide a char-
acterization of the relative competitive advantages of each strain,
it is difficult to relate this system with other non-transitive
ecologies. Intuitively, one would expect competitive asymmetry
within such an ecology. For example, a toxin-producing strain
might outcompete a toxin-sensitive strain at a faster rate than a
toxin-sensitive strain could outgrow a toxin-resistant strain. Due
to this potential asymmetry of competitive advantages within this
system, it is unlikely that coexistence would be maintained over a
longer experimental duration.

In this work, we investigate how asymmetric competitive
advantages affect a three strain non-transitive ecology, expanding
upon the previous experimental work using rationally engineered
and well-characterized strains of E. coli. Specifically, we engineer
three strains of E. coli to produce and release three different
toxins that kill other members of the same species that lack the
production of the corresponding immunity protein. In order to
create a one directional rock–paper–scissors competition
dynamic, each strain is engineered to produce an additional
second immunity protein, providing immunity to one other strain
in the ecology. The competitive relationships between each of the
strain pairs are characterized in pairwise competition in order to
establish relative competitive advantages and identify competitive
asymmetry within the system. Using this characterized model
microbial system, we explore the outcome of non-transitive
competition in a solid growth medium environment (agar) where
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Fig. 1 Cyclic non-transitive dynamics enable biodiversity. a Diagram of the engineered ecology strains including one toxin and two immunity genes. Each
toxin produced targets a different essential biological component of E. coli cells. b The three strains were combined at an equal ratio and immediately plated
on agar. Each day corresponds to a passage obtained through replica plating. Image stills were obtained by fluorescence imaging. This experiment was
executed one time at this density, but it was repeated at multiple densities as shown in Supplementary Fig. 2.
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competitive interactions remain local. We find that given equal
starting fractions among the three strains, the strain with the
weakest competitive advantage consistently dominates the eco-
system. Additionally, we develop a computational model to
investigate the relationship between asymmetric competition and
parameter space. In particular, we examine the effect of varying
the relative competitive strengths among the three strains and
find that within a certain parameter space, a steady-state three-
strain equilibrium can be reached by the ecology, albeit at dif-
ferent fractional occupancies. Finally, we demonstrate that there
are initial conditions such as different patterns of initial dis-
tributions that can contribute to, or prevent, the establishment of
steady-state coexistence.

Results
We created a synthetic ecology of three bacterial populations
which compete with each other through cyclic non-transitive
interactions21. In order to create this three-strain ecology where
each E. coli strain possesses a competitive advantage over another,
we used a class of naturally occurring peptide toxins called coli-
cins. These peptides are lethal to certain E. coli strains and provide
the producing strain with the ability to inhibit growth of com-
peting strains22. Among colicins, the mechanisms of action fall
within three major categories: disruption of protein production,
degradation of DNA, and disruption of the cell membrane22. In
order to mimic this natural competition diversity, we designed
each strain to produce a different colicin that acts through each of
the three mechanisms. Additionally, in order to establish a cyclic
rock–paper–scissors competitive relationship, each strain was
given a second immunity to the toxin produced by the targeted
strain (Fig. 1a). In this system, Strain Red (R), contains a plasmid-
producing colicin E3 and E3 immunity protein, a fluorescence
reporter protein, a lysis protein (for toxin release), and a secondary
E7 immunity protein. Strain Green (G) contains the same plasmid
structure expressing colicin E7, and the E7 immunity protein, and
a secondary Col V immunity protein. Strain Blue (B) contains the
wild-type Col V operon consisting of the toxin (cvaC), immunity
(cvi), as well as export proteins (cvaA and cvaB)23, and a sec-
ondary E3 immunity protein (Supplementary Fig. 1). Due to their
different mechanisms of action, inadvertent cross immunity due
to structural or functional homology between related colicins was
minimized.

The first experiment we carried out to investigate our three
strain ecology consisted of mixing the strains, from liquid cul-
tures, at an equal ratio and plating them on a static agar plate
environment. The choice to carry out all our experiments on solid
media was based on the previously reported observation that local
interactions and dispersal promote diversity within a commu-
nity17. After incubation, the bacteria lawn on the agar plate was
passaged by replica plating every 24 h to guarantee a constant
source of fresh nutrients and uncolonized space to invade
(Fig. 1b). We tested a range of initial plating densities spanning a
104 fold change (Supplementary Fig. 2a). We found that the
duration of coexistence was inversely proportional to the initial
plating densities (Supplementary Fig. 2b). This outcome is
attributed to the ability of the lower density cells to establish
larger colonies due to the higher availability of free space sur-
rounding them. In this scenario, cells at the colony boundary are
able to shield cells in the interior from toxin exposure. Interest-
ingly, we observed one scenario (1–1000 dilution) in which all
three strains coexisted for the entire duration of the 30-day
experiment (Supplementary Fig. 2c and Supplementary Movie 1).
In this scenario, Strain B was nearly able to completely colonize
the agar plate, however a small patch of Strain G cells managed to
survive the initial attack from Strain R. As a result, Strain G was

able to invade into space colonized by Strain B, and Strain R
could invade into the newly acquired area of Strain G. Never-
theless, in the four other scenarios we tested, the system always
converged to a single winner, Strain B (Supplementary Movie 2).
We wondered whether the survival of Strain G in the 1–1000
dilution was an outlier that occurred because of random dis-
tributions in the initial plating, or whether coexistence of this
system of three strains was an expected outcome under these
conditions. Therefore, we designed an experimental protocol
which could guarantee the sequential placement of the three
strains in individual colonies which are equally spaced from each
other like the intersections of a grid.

In order to achieve precise control of our experimental con-
ditions we used a liquid handling robot to array the three strains
into equally spaced grids of varying initial densities. After
arraying the cells into grid format on agar plates, the strains were
grown for 24 h, then passaged every subsequent 24 h by replica
plating (Fig. 2a). The results of this experiment were in agreement
with our previous observations. As before, the initial density was
inversely related to the duration of coexistence of the three
strains, and Strain B was able to take over the agar plate (Fig. 2b
and Supplementary Fig. 3). Because competition within microbial
communities may be affected by differences in growth rate, we
first measured the growth rate of each RPS strain and found that
the strains had similar growth rates (Supplementary Fig. 4a).
Therefore, we hypothesized that the reason Strain B was con-
sistently winning was due to asymmetry among the potency of
the toxins produced by the three competing strains. In order to
determine the source of this asymmetry, we characterized the
interactions between each pair of competing strains using the
same grid pattern arrangement (Fig. 2d). We found that Strain R
produced the most lethal toxin, as it was able to completely
eliminate Strain G prior to day 5. The next strongest toxin pro-
duced by Strain G was able to completely eliminate the Strain B
by day 6. Finally, we found Strain B to be the weakest toxin
producer, taking 7 days to completely eliminate Strain R (Fig. 2e).
The resulting ranking of relative toxin strengths was also
demonstrated in kill curve experiments conducted in liquid cul-
ture (Supplementary Fig. 4b, c). Therefore, we confirmed the
asymmetry in the system, whereby Strain R was shown to be the
strongest and Strain B the weakest (Fig. 2f). Following this
observation, our hypothesis was that since Strain R was the
strongest toxin-producing strain, it was quickly, and completely,
eliminating Strain G. As a result, when Strain B and Strain R were
the only two left competing, Strain B was eventually able to win
due to its immunity and toxicity to Strain R. In this first
hypothesis, Strain B would win due to its position as the enemy of
the strongest strain (Supplementary Fig. 5a). However, we also
considered the counterintuitive possibility that Strain B was
consistently winning because it was producing the weakest toxin
(Supplementary Fig. 5b). In order to test this theory, we created a
new three-strain ecology (RPS-2) in which we reversed the order
of the rock–paper–scissors competitive relationship by swapping
the secondary immunity genes for each strain. With these new
constructs, Strain R2 now attacked Strain B2, Strain B2 attacked
Strain G2, and Strain G2 attacked Strain R2. Although we
reversed the order of competition by reversing the secondary
immunity, the relative toxin strengths remained the same (Fig. 3a
and Supplementary Fig. 6). Therefore, while Strain B2 remained
the weakest strain, the enemy of the strongest then became Strain
G2. If our initial hypothesis of the winner being the enemy of the
strongest were correct, we would expect Strain G2 to eventually
take over the plate. Alternatively, if “predominance of the
weakest” were the driving force, then we would expect Strain B2
to win in RPS-2 as well (Supplementary Fig. 5b). Simultaneously,
we developed a lattice-based computational model to simulate

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19963-8 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:6055 | https://doi.org/10.1038/s41467-020-19963-8 |www.nature.com/naturecommunications 3

www.nature.com/naturecommunications
www.nature.com/naturecommunications


competition of the three strains in a 150 × 150 square grid
(Fig. 3b). With the parameter values established in our kill curve
experiments, simulations of our computational model agreed with
our previous experimental results demonstrating that Strain B
should outcompete the other strains (Supplementary Movie 2).

The simulations also confirmed our observation regarding the
relationship between duration of coexistence and initial density
(Supplementary Fig. 7). Furthermore, when simulating the RPS-2
system, the model predicted that the eventual winner of the RPS
ecology would still be Strain B, confirming the idea of
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“predominance of the weakest” (Fig. 3c and Supplementary
Movie 4), a theory that had been hypothesized by previous the-
oretical works24–29. As predicted, we found experimentally that
the final winner of the RPS-2 ecology was indeed Strain B2
(Fig. 3d, Supplementary Fig. 8 and Supplementary Movie 5). This
outcome occurs because the weakest strain allows its target
(Strain R in RPS-1 and Strain G2 in RPS-2) to rapidly expand and
eliminate the third strain in the system (Strain G in RPS-1 and
Strain R in RPS-2). When only two strains are left, the “weakest”
strain is then able to slowly take over due to the
rock–paper–scissors dynamics (Supplementary Fig. 9). While we
were enthusiastic to experimentally demonstrate the theory of
“predominance of the weakest”, we still wondered about the
scenario we observed in which all three strains were not fully
eliminated, and seemed to have developed stable existence. We
therefore hypothesized that there must be alternate possible
outcomes that arise based on probability for a given set of toxin
parameters.

To further explore this concept, we investigated the relation-
ship between toxin strength and the system steady state. We used
our computational model to do a parameter sweep of toxin
production strengths. For each combination of parameters, we
ran 100 simulations. We found that “predominance of the
weakest” was not always the most probable outcome. When
keeping the toxin strength of both the weakest and strongest
toxins fixed while varying the toxin strength of the intermediate
strain, the most probable steady-state outcome was dependent on
the intermediate toxin strength (Fig. 4a). The model shows that if
the toxin strength of the intermediate strain (Strain G) is close in
value to the toxin production strength of the weakest toxin

producer (Strain B), the most probable outcome is that the
intermediate wins (strain G) (Fig. 4b). On the other hand, when
the toxin production strength of the intermediate strain falls
within an intermediate range, the model predicts the possibility of
stable coexistence between the three strains at different fractional
occupancies (Fig. 4c and Supplementary Movie 6). Finally, if the
toxin production strength of the intermediate strain is close in
value to the strength of the strongest toxin producer (Strain R),
then the weakest strain (Strain B) always wins as predicted by the
hypothesis of “predominance of the weakest” (Fig. 4d). Interest-
ingly, we did not observe any case in which the strongest strain
(Strain R) won. When compared to our previous experimental
results, our experimental parameter values fall within the para-
meter space that predicts two possible outcomes. The most
probable scenario is that Strain B wins, but there is also a small
probability of the establishment of coexistence. In agreement with
the model, we observed that on the plate that established coex-
istence, the three strains maintained different fractional occu-
pancies, with Strain B having the highest fractional occupancy.
These results highlight the value of the computational model for
examining a wide variety of scenarios that would be too difficult
or time consuming to cover experimentally. To this end, we
wanted to investigate how different initial fractional occupancies
would effect the steady-state outcome. We found that, in grid
format, the final outcome is highly influenced by the abundance
of the weak strain, where an inverse relationship exists between
the starting fractional occupancy of the weakest strain and its
probability to takeover (Supplementary Fig. 10). We also explored
how different patterns of initial strain distribution would affect
the steady-state outcome of the competition in relation to toxin
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strength. Using the computational model, we simulated multiple
scenarios with common spatial patterns, such as stripes, isolated
clusters, and concentric circles (Fig. 4e). We found that stripes led
to similar results compared to the previously discussed case with
the grid pattern in which the weakest strain is able to mostly
dominate the system (Supplementary Movie 2). On the contrary,
having the strains separated in three different clusters resulted in
a significant increase in the parameter ranges that could lead to
coexistence (Supplementary Movie 2). As before, in both sce-
narios we did not observe any case in which the strongest strain
(Strain R) could win. On the other hand, when initially dis-
tributed in the pattern of concentric rings, it was possible for the
strongest strain (Strain R) to take over the plate (Supplementary
Movie 2). This only occurs when the strongest strain is placed in
the inner circle, shielded from the weakest strain (Strain B). This
way, if the intermediate strain in the middle manages to kill off
the outer strain before Strain R reaches it, then the strongest
strain can win. As expected, we also demonstrate that this out-
come is dependant upon the ratio between the ring dimensions
and the rate of takeover of each strain (Supplementary Movie 2).

Discussion
Bacterial communities occupy a myriad of diverse niche envir-
onments, playing important roles in processes ranging from
nutrient recycling30,31 to the regulation of human health32–34.
While the ability to engineer robust bacterial communities could
lead to major advancements in fields, such as recycling, sustain-
ability, and healthcare, the mechanisms underlying species
diversity and stability are still not yet well understood. Although
cooperative interactions between the species comprising such
communities contribute to ecological stability35–37, it is generally
accepted that competition is the guiding force19,32,38–40. How-
ever, due to the complexity of natural ecologies, these types of
competitive interactions are difficult to isolate or quantify in
nature. Our study demonstrates the feasibility of using an engi-
neered synthetic ecology to simplify complex community rela-
tionships in order to study underlying mechanisms that may lead
to community stability and the maintenance of diversity. Due to
the immense species diversity and wide range of competitive
strategies organisms employ in nature19,40,41, we hypothesized
that natural competitive dynamics are likely to be
unbalanced42,43. Unlike a perfectly balanced game of
rock–paper–scissors in which each of the three species could kill
each other at an equal rate, we focus on characterizing an
asymmetric system in which the relative competitive advantages
among each predator–prey pair varies. While previous studies
focused on the coexistence of non-transitive communities over a
relatively short timeframe17, they do not allow the system to
reach steady state, in which case it is likely that only one species
would remain. Here, we demonstrate that intransitivity fails to
promote biodiversity over a long time horizon when the relative
competitive advantages are imbalanced44. Therefore, we believe
that an asymmetric non-transitive ecology is a useful base model
to study complex interactions among competing bacterial species.
Using our three-strain ecology we experimentally demonstrate
that a uniformly distributed asymmetric game of
rock–paper–scissor is most likely to be won by the weakest spe-
cies24–29. Interestingly, we show that an asymmetric ecology can
develop steady-state coexistence, and that the relative toxin
strengths among the three species dictate the extent of the
coexistence space. Counterintuitively, under the same initial
conditions of uniform distribution, our models predict that the
producer of the most lethal toxin never wins. As opposed to
pairwise competition, where the producer of the strongest toxin
has a competitive advantage6, the producer of the strongest toxin

in non-transitive communities are at an evolutionary dis-
advantage. This could be an important selective force against
continuous evolution of ever-more lethal warfare chemicals in
microorganisms, resulting in increased diversity of chemicals that
are constrained to a specific toxin strength parameter space. The
role that toxin-mediated competition plays in community stabi-
lity may also explain the observed relative abundance of mem-
brane targeting DNA, or ribosome targeting bacterial toxins
among bacterial communities45. Finally, we also observe that the
steady-state outcomes of the system can be altered by changing
the initial strain distribution patterns. For example, we find that
separate blocks in a triangular conformation can greatly expand
the parameter space for coexistence, supporting the idea that
spatially separated niches are more likely to sustain biodi-
versity46–48. On the other hand, strains initially distributed in
concentric circles can enable the strongest toxin producer to win.
These results demonstrate that many factors need to be con-
sidered if the goal is to design stable synthetic ecologies in an
environment where interactions are local6. Overall, this study
provides a mathematical model and engineering framework to
study competitive interactions, gain mechanistic insight, and
ultimately, predictive power that can be used as a guide to design
stable communities.

Methods
Strains and plasmids. Our strains were cultured in lysogeny broth (LB) media
with 50 μg ml−1 spectinomycin for the WT and TP strains, in a 37 °C shaking
incubator. The plasmids used in this study are described in (Supplementary Fig. 1).
The colicin E3, Im3, colicin E7, Im E7, and E1 lysis genes were taken from pre-
viously used plasmids21 using PCR and assembled with Gibson assembly49. The
4.5 kb colicin V expression cassette comprising CvaA, CvaB, CvaC, and cvi was
isolated from the pHK11 plasmid from the wild type colicin V strain ZK503 by
PCR23. All plasmids were transformation into DH5α (Thermofisher) chemically
competent E. coli and verified by Sanger sequencing before transformation into E.
coli strain MG1655. The strains used in this study are described in (Supplementary
Table 1). The gene sequences used in this study are described in (Supplementary
Table 2).

Growth rate. For growth rate experiments, the appropriate E. coli strains were
seeded from a −80 °C glycerol stock into 2 ml LB and the appropriate antibiotics
and incubated in a 37 °C shaking incubator. After cells reached an OD600 of 0.1,
1 ml culture was added to a 125 ml Erlenmeyer flask containing 25 ml fresh media
with appropriate antibiotics and left shaking at 270 rpm. Once the samples reached
an OD600 of 0.1 samples were taken every 20 min and measured at OD600 using a
DU 740 Life Science Uv/vis spectrophotometer.

Toxin validation. To prepare colicin lysate, the colicin E3 E. coli strain was seeded
from a −80 °C glycerol stock into 2 ml LB and incubated in a 37 °C shaking
incubator. After cells reached an OD600 between 0.4 and 0.6, 1 ml of the grown
culture was collected in a 2 ml Eppendorf tube and two cycles of incubation at 98 °C
for 5 min followed by 10min at −80 °C were performed. The resulting media was
then filtered and collected using a 0.22 μm syringe filter. For toxin co-culture
experiments, wild type MG1655 E. coli strains were seeded from a −80 °C glycerol
stock into 2 ml LB and incubated in a 37 °C shaking incubator. After cells reached
an OD600 between 0.2 and 0.4, 5 μl culture was added to 200 μl fresh media in a
standard Falcon tissue culture 96-well flat bottom plate. Additionally, 5 μl of the
purified colicin lysate was added to each well. Cultures were grown at 37 °C shaking
for 19 h and their optical density at 600 nm absorbance was measured every 5min
with a Tecan Infinite M200 Pro.

Plate passage experiments. Each E. coli strain was seeded from a −80 °C glycerol
stock into 5 ml LB with 50 μg ml−1 spectinomycin. After growth for 8–12 h at 37 °C
in a shaking incubator, the culture was diluted 100-fold into 25 ml of the same
medium in a 50 ml Erlenmeyer flask and grown until reaching an OD of 0.4
(Plastibrand 1.5 ml cuvettes were used). Strains were then diluted 1:10, 1:100,
1:1000, and 1:10,000. 20 μl of each strain was then plated into separate regions of
100 × 15 mm Petri dishes containing LB agar and 50 μg ml−1 spectinomycin. The
strains were then mixed using 10 glass beads and incubated overnight at 37 °C for
24 h. Plates were passaged every 24 h by replica plating onto a fresh agar plate
containing the appropriate antibiotics.

Liquid handling robot. As before, each E. coli strain was seeded from a −80 °C
glycerol stock into 5 ml LB with 50 μg ml−1 spectinomycin. After growth for 8–12 h
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at 37 °C in a shaking incubator, the culture was diluted 100-fold into 25 ml of the
same medium in a 50 ml Erlenmeyer flask and grown until reaching an OD of 0.75.
Upon reaching this OD, 5% glycerol was added to each culture and 45 μl of each
prepared culture was then transferred into a single 384-well labcyte plate. To plate
the grid array we used a Labcyte Echo liquid handling robot to transfer 2.5 nl
volume from the source well on the labcyte well plate onto SBS-format PlusPlates
containing 42 ml LB agar and 50 μg ml−1 spectinomycin. The transferred cells were
arrayed according to 384, 1536, and 6144 well plate formats in order to create
varying densities. The cells were then incubated overnight at 37 °C for 24 h.
Colonies were transferred by replica plating from the SBS-format PlusPlates onto a
standard 100 × 15mm Petri dish containing LB agar and 50 μg ml−1 spectinomy-
cin. Plates were passaged every 24 h by replica plating onto a fresh agar plate
containing the appropriate antibiotics.

Kill curve. To prepare colicin lysate for each strain, the appropriate strains were
seeded from a −80 °C glycerol stock into 5 ml LB and incubated in a 37 °C shaking
incubator overnight. The overnight cultures were then passaged 1:100 into 2 ml LB
and incubated in a 37 °C shaking incubator until reaching an OD600 of 1.0. 1 ml of
the culture was then collected in a 2 ml Eppendorf tube, centrifuged at 21,130 rcf
for 10 min and the supernatant was passed through a 0.22 μm syringe filter. For the
kill curve assay, the appropriate strains were grown in a 37 °C shaking incubator to
an OD600 between 0.3 and 0.4 in 5 ml LB in a 25 ml flask. 500 μl of the corre-
sponding colicin lysate was then added to the flask. CFU measurements were taken
by plating serial dilutions (n= 3) and counting colonies. The first time point was
taken immediately before each colicin was added, then every 10 min afterwards.
For analysis, we took the difference of five time points (40 min) that corresponded
to the maximum change in total alive cell count divided by the initial CFU count of
the initial time point in order to calculate the percent cell death. The relative toxin
strengths were then found by taking the ratios between the percent cell deaths for
each strain pair.

Image processing. For plate imaging a Syngene PXi fluorescent imager was used.
Strains producing sfGFP were captured using the Blue LED Module for excitation
and SW032 emission filter, and strains producing mKate2 were captured using the
Red LED Module excitation source and Filt 705 emission filter. Images were
processed using Image J. Images were converted to 8-bit and background sub-
tracted. In order to assign the false color blue, we inverted the fluorescence values
of the sfGFP image using the math function v=−v+ v(mean). We then took the
difference from the mKate2 image in order to create a mask of the negative space
from both GFP and RFP. This image was assigned as the "Blue" channel for
composite images.

Modeling. We developed a lattice-based model in Matlab to simulate the com-
petition dynamics between the three strains RGB. The model was based on similar
principles previously described in the literature17. The lattice is a 150 × 150 regular
square lattice with zero boundary conditions. This means that the edges of the
lattice are set to zero (absorbing boundary conditions), simulating the physical
boundary of the Petri dish that prevents cells from expanding beyond it, as well as
the effect of disregarding cells beyond the boundary of the replica plating.
Therefore, the four edges of the square are kept at a value of zero (no cells can
grow/expand in that direction) and the grid is updated only for the internal pixel
(pixel 2 to N − 1 on all sides). The simulations in Figs. 2 and 3 were obtained by
starting the lattice with a grid array of alternating strains. The remaining lattice
points are classified as “empty space”. The probability of death for each competing
strain is associated to the relative potency of its enemy’s toxin. pR, pG, and pB refer
to the maximum probability of death of strain R, G, and B, respectively. For each
time loop, the lattice array is scanned pixel by pixel (ignoring boundary pixels
which have a fixed value of 0) and is updated according to two main rules as shown
in Fig. 3b. If the pixel considered is empty, the algorithm takes into account the
relative occupancy of the eight neighboring pixels for the three strains R, G, or B.
Three probabilities are calculates as the sum of locations occupied by each strain
divided by the total neighboring locations (8). Finally, the Matlab function rand-
sample is used to choose how to fill the spot according to the previously calculated
probabilities. This process simulates expansion due to growth. On the other hand,
if a given location is full, the strain is killed with a thresholded probability that is
dependent on the number of surrounding enemies present. If the number of
enemies is below 4 (corresponding to being ≤half surrounded), the probability of
death is capped at half the maximum probability of death for the given strain. On
the other hand, if the number of surrounding enemies is >4, the probability of
death corresponds to the maximum probability associated to the given strain. In
addition, we set a baseline probability of death= 0.05 which cumulatively repre-
sents the random death of cells and their removal due to the replica plate passaging.
For the simulations shown in Fig. 4, each simulation was run for t= 10,000 and
each parameter set was simulated 100 times. Each time point corresponds to a
reproduction event (around 25 min). Therefore, the time chosen to investigate
steady-state dynamics corresponds to about 170 days, which we established to be a
long enough interval both computationally and biologically. In terms of spatial
parameters, the distance between two consecutive pixels represents roughly 1 mm
on the agar plate. Therefore, the entire grid represents a square with a side of about

10 cm. The relationship between grid densities on the agar plates compared to the
model are illustrated in Supplementary Fig. 7.

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

Data availability
Authors can confirm that all relevant data are included in the paper and/or its
supplementary information files. In addition, Source Data are provided with this paper.
Plasmids and bacterial strains are available from the corresponding author upon
request. Source data are provided with this paper.

Code availability
All code is available on github at the following link https://github.com/armiano/Survival-
of-the-weakest-in-non-transitive-asymmetric-interactions-among-strains-of-E.-coli.

Received: 4 June 2020; Accepted: 23 October 2020;

References
1. Levine, J. M., Bascompte, J., Adler, P. B. & Allesina, S. Beyond pairwise

mechanisms of species coexistence in complex communities. Nature 546,
56–64 (2017).

2. Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K. & Knight, R.
Diversity, stability and resilience of the human gut microbiota. Nature 489,
220–230 (2012).

3. Wu, Y., Jiang, Y., Kaiser, A. D. & Alber, M. Self-organization in bacterial
swarming: lessons from myxobacteria. Phys. Biol. 8, 055003 (2011).

4. Chesson, P. Mechanisms of maintenance of species diversity. Annu. Rev. Ecol.
Syst. 31, 343–366 (2000).

5. Song, H., Payne, S., Gray, M. & You, L. Spatiotemporal modulation of
biodiversity in a synthetic chemical mediated ecosystem. Nat. Chem. Biol. 5,
929 (2009).

6. Chao, L. & Levin, B. R. Structured habitats and the evolution of anticompetitor
toxins in bacteria. Proc. Natl Acad. Sci. USA 78, 6324–6328 (1981).

7. Huntley, J. W. & Kowalewski, M. Strong coupling of predation intensity and
diversity in the phanerozoic fossil record. Proc. Natl Acad. Sci. USA 104,
15006–15010 (2007).

8. Balagaddé, F. K. et al. A synthetic Escherichia coli predator–prey ecosystem.
Mol. Syst. Biol. 4, 187 (2008).

9. Hassell, M. P., Comins, H. N. & May, R. M. Species coexistence and self-
organizing spatial dynamics. Nature 370, 290–292 (1994).

10. Reichenbach, T., Mobilia, M. & Frey, E. Mobility promotes and jeopardizes
biodiversity in rock–paper–scissors games. Nature 448, 1046–1049 (2007).

11. Cz’ar’an, T. L., Hoekstra, R. F. & Pagie, L. Chemical warfare between microbes
promotes biodiversity. Proc. Natl Acad. Sci. USA 99, 786–790 (2002).

12. Sinervo, B. & Lively, C. M. The rock–paper–scissors game and the evolution of
alternative male strategies. Nature 380, 240–243 (1996).

13. Jiang, L.-L., Zhou, T., Perc, M. & Wang, B.-H. Effects of competition on
pattern formation in the rock–paper–scissors game. Phys. Rev. E 84, 021912
(2011).

14. Metz, H. The Geometry of Ecological Interactions: Simplifying Spatial
Complexity (Cambridge University Press, 2000).

15. Rudge, T. J., Steiner, P. J., Phillips, A. & Haseloff, J. Computational modeling
of synthetic microbial biofilms. ACS Synth. Biol. 1, 345–352 (2012).

16. Buss, L. & Jackson, J. Competitive networks: nontransitive competitive
relationships in cryptic coral reef environments. Am. Nat. 113, 223–234
(1979).

17. Kerr, B., Riley, M. A., Feldman, M. W. & Bohannan, B. J. Local dispersal
promotes biodiversity in a real-life game of rock–paper–scissors. Nature 418,
171–174 (2002).

18. Kirkup, B. C. & Riley, M. A. Antibiotic-mediated antagonism leads to a
bacterial game of rock–paper–scissors in vivo. Nature 428, 412–414 (2004).

19. 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).

20. Bernhardt, K. et al. New tools for self-organised pattern formation. IET Synth.
Biol. 1, 29–31 (2007).

21. Liao, M. J., Din, M. O., Tsimring, L. & Hasty, J. Rock–paper–scissors:
engineered population dynamics increase genetic stability. Science 365,
1045–1049 (2019).

22. Cascales, E. et al. Colicin biology. Microbiol. Mol. Biol. Rev. 71, 158–229
(2007).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19963-8 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:6055 | https://doi.org/10.1038/s41467-020-19963-8 |www.nature.com/naturecommunications 7

https://github.com/armiano/Survival-of-the-weakest-in-non-transitive-asymmetric-interactions-among-strains-of-E.-coli
https://github.com/armiano/Survival-of-the-weakest-in-non-transitive-asymmetric-interactions-among-strains-of-E.-coli
www.nature.com/naturecommunications
www.nature.com/naturecommunications


23. Gilson, L., Mahanty, H. K. & Kolter, R. Four plasmid genes are required for
colicin v synthesis, export, and immunity. J. Bacteriol. 169, 2466–2470 (1987).

24. Frean, M. & Abraham, E. R. Rock–scissors–paper and the survival of the
weakest. Proc. R. Soc. Lond. Ser. B 268, 1323–1327 (2001).

25. He, Q., Mobilia, M. & Täuber, U. C. Spatial rock–paper–scissors models with
inhomogeneous reaction rates. Phys. Rev. E 82, 051909 (2010).

26. Majeed, H., Lampert, A., Ghazaryan, L. & Gillor, O. The weak shall inherit:
bacteriocin-mediated interactions in bacterial populations. PLoS ONE
8, e63837 (2013).

27. Szolnoki, A. et al. Cyclic dominance in evolutionary games: a review. J. R. Soc.
Interface 11, 20140735 (2014).

28. Avelino, P., de Oliveira, B. & Trintin, R. Predominance of the weakest species
in Lotka–Volterra and May–Leonard formulations of the rock–paper–scissors
model. Phys. Rev. E 100, 042209 (2019).

29. Menezes, J., Moura, B. & Pereira, T. Uneven rock–paper–scissors models:
patterns and coexistence. Europhys. Lett. 126, 18003 (2019).

30. Turner, T. R., James, E. K. & Poole, P. S. The plant microbiome. Genome Biol.
14, 209 (2013).

31. Lundberg, D. S. et al. Defining the core Arabidopsis thaliana root microbiome.
Nature 488, 86–90 (2012).

32. Coyte, K. Z., Schluter, J. & Foster, K. R. The ecology of the microbiome:
networks, competition, and stability. Science 350, 663–666 (2015).

33. Coyte, K. Z. & Rakoff-Nahoum, S. Understanding competition and
cooperation within the mammalian gut microbiome. Curr. Biol. 29,
R538–R544 (2019).

34. García-Bayona, L. & Comstock, L. E. Bacterial antagonism in host-associated
microbial communities. Science 361, eaat2456 (2018).

35. West, S. A., Griffin, A. S., Gardner, A. & Diggle, S. P. Social evolution theory
for microorganisms. Nat. Rev. Microbiol. 4, 597–607 (2006).

36. Drescher, K., Nadell, C. D., Stone, H. A., Wingreen, N. S. & Bassler, B. L.
Solutions to the public goods dilemma in bacterial biofilms. Curr. Biol. 24,
50–55 (2014).

37. Rakoff-Nahoum, S., Foster, K. R. & Comstock, L. E. The evolution of
cooperation within the gut microbiota. Nature 533, 255–259 (2016).

38. Riley, M. A. & Gordon, D. M. The ecological role of bacteriocins in bacterial
competition. Trends Microbiol. 7, 129–133 (1999).

39. Levy, R. & Borenstein, E. Metabolic modeling of species interaction in the
human microbiome elucidates community-level assembly rules. Proc. Natl
Acad. Sci. USA 110, 12804–12809 (2013).

40. Verster, A. J. et al. The landscape of type vi secretion across human gut
microbiomes reveals its role in community composition. Cell Host Microbe 22,
411–419 (2017).

41. Zhang, D., de Souza, R. F., Anantharaman, V., Iyer, L. M. & Aravind, L.
Polymorphic toxin systems: comprehensive characterization of trafficking
modes, processing, mechanisms of action, immunity and ecology using
comparative genomics. Biol. Direct 7, 18 (2012).

42. Soliveres, S. et al. Intransitive competition is widespread in plant communities
and maintains their species richness. Ecol. Lett. 18, 790–798 (2015).

43. D’Costa, V. M., McGrann, K. M., Hughes, D. W. & Wright, G. D. Sampling
the antibiotic resistome. Science 311, 374–377 (2006).

44. Godoy, O., Stouffer, D. B., Kraft, N. J. & Levine, J. M. Intransitivity is
infrequent and fails to promote annual plant coexistence without pairwise
niche differences. Ecology 98, 1193–1200 (2017).

45. Los, F. C., Randis, T. M., Aroian, R. V. & Ratner, A. J. Role of pore-forming
toxins in bacterial infectious diseases. Microbiol. Mol. Biol. Rev. 77, 173–207
(2013).

46. Levine, J. M. & HilleRisLambers, J. The importance of niches for the
maintenance of species diversity. Nature 461, 254–257 (2009).

47. Huttenhower, C. et al. Structure, function and diversity of the healthy human
microbiome. Nature 486, 207 (2012).

48. Bauer, M. A., Kainz, K., Carmona-Gutierrez, D. & Madeo, F. Microbial wars:
competition in ecological niches and within the microbiome. Microb. Cell 5,
215 (2018).

49. Gibson, D. G. et al. Enzymatic assembly of dna molecules up to several
hundred kilobases. Nat. Methods 6, 343–345 (2009).

Acknowledgements
We thank K. Chen and Professor S. Fraley for help imaging and providing the Syngene
PXi fluorescent imager used to image agar plates. This work was supported by the
National Institute of General Medical Sciences of the National Institutes of Health (grant
no. R01GM069811). M.J.L. is supported by the National Science Foundation Graduate
Research Fellowship (grant no. DGE-1650112).

Author contributions
M.J.L., A.M., L.C., and J.H. contributed to the development of the project. M.J.L., A.M.,
and C.N. constructed the plasmids and strains and analyzed results. M.J.L., A.M., and
C.B.N. conducted the experiments. A.M. conducted the computational modeling. M.J.L.
and A.M. prepared the figures, and M.J.L., A.M., L.C. and J.H. prepared the manuscript.

Competing interests
J.H. has a financial interest in GenCirq. The remaining authors declare no competing
interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-19963-8.

Correspondence and requests for materials should be addressed to J.H.

Peer review information Nature Communications thanks Wenying Shou and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

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

Publisher’s note Springer Nature remains neutral with regard to jurisdictional 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) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19963-8

8 NATURE COMMUNICATIONS |         (2020) 11:6055 | https://doi.org/10.1038/s41467-020-19963-8 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-19963-8
https://doi.org/10.1038/s41467-020-19963-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Survival of the weakest in non-transitive asymmetric interactions among strains of E. coli
	Results
	Discussion
	Methods
	Strains and plasmids
	Growth rate
	Toxin validation
	Plate passage experiments
	Liquid handling robot
	Kill curve
	Image processing
	Modeling

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




