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Microorganisms commonly live in diverse communities where changes in
composition can be critical for health, industry and the environment. Yet,

what enables one strain to competitively replace another in these complex
conditions remains poorly understood. Here we develop a mathematical
model to determine general principles of strain displacement. Our
modelling reveals that weak resource competition enables successful
invasion while stronginterference competition, for example, via
antimicrobial production, enables successful displacement. We verify these
predictions using in vitro assays with genetically engineered Escherichia
coli.We then apply our principles to displace multidrug-resistant clinical
isolates using strains that are equipped with a potent bacteriocin. Finally,
we perform experiments with diverse human gut symbionts, which reveal
that displacement relies on low resource competition not only between
competing strains but also with the broader community, that is, limited
nutrient blocking. These general rules for ecological success in microbial
communities could be applied for targeted displacement of bacteria.

Bacterial communities, or microbiomes, occur almost everywhere
and are important for many aspects of our lives, including industrial
processes, the environment and the balance between health and
disease'™. A key determinant of the impacts of microbial communi-
ties is their composition; changes in the identity of strains and spe-
cies can rapidly shift a beneficial community to a harmful one—for
example, displacement of protective gut bacteria by pathogenic bac-
teria, or vice versa*”. A key goal for the field, therefore, is to under-
stand what makes strains or species successful within an established
microbiome. To investigate this, we ask what it takes for anincoming
strain to invade and displace a competing strain that is established
inacommunity.

A key challenge with understanding microbial communities is
their complexity. Diverse strains and species commonly co-occur
and interact ecologically, which can generate context dependencies

that hinder generalization®*’. What is clear is that ecological compe-

tition, particularly between strains that have overlapping resource
requirements, is akey process shaping microbial communities'. Most
fundamentally, nutrient competition is considered important for
assembly and stability in systems such as the human microbiome™
as well as resistance to invasion by pathogens”™". In addition, many
bacterial species engage in interference competition via a diverse
range of dedicated competition systems, or ‘weapons’, that typically
function by delivering a toxin to competing strains'®. Evidence that
these weapons kill is widespread'®'? along with evidence that they
shape ecological dynamics within communities***°, Weapon-bearing
bacteria are also attractive as biotherapeutics*-** and alternatives to
conventional antibiotics. A key advantage is that many bacterial toxins
are narrow spectrum and can target a harmful strain while leaving the
broader community largely unaffected”. However, while both nutrient
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competitionand interference competition canbe individuallyimpor-
tant, how they actin concert is not well understood.

Here we build a general ecological model to understand strain
competitionin amicrobial community. Our modelling frameworkiden-
tifies specific ecological conditions that enable a new strain to establish
in acommunity and out-compete a resident strain, which can lead to
strain turnover and displacement. We test our modelling predictions
with the gut bacterium Escherichia coli, whichis both amodel species
and adominant cause of mortality from antimicrobial-resistant (AMR)
infections®. We perform these tests with E. coli strains alone and in a
diverse community of human gut bacteria. In this way, we are able to
establish general principles underlying competitive strain displace-
ment within microbial communities.

Results

Ecological theory predicts conditions for strain invasion

and displacement

Weareinterested in what enables amicrobial strain toinvade an estab-
lished community and out-compete an existing strain. Mathematical
models, particularly from theoretical ecology, have proved to be a pow-
erful way to cut through the complexity of microbial communities and
identify general predictions'®***?””, We begin, therefore, by building
ageneral mathematical framework based upon previous theoretical
work of resource competition in microorganisms and plants®**% (Sup-
plementary Information). Following the biology of microbial com-
munities such as the human gut microbiome, the models capture two
key forms of ecological competition. Firstly, we assume that the newly
arriving strain will experience competition for resources*”, whereiits
growthrate uponarrivaldepends uponthelevel of the nutrients needed
for growth™'*>* Secondly, we include the possibility that our focal
strain may engage ininterference competition, which canbe either via
therelease of toxinsinto the environment or viaa contact-dependent
mechanism such as the type six secretion system's**,

Although the impacts of nutrient and interference competition
on microbial ecology have been widely studied™*"**~*%, how they act
in combination has not. By combining all three key elements in our
modelling—ecologicalinvasion, nutrient competition andinterference
competition—we caninvestigate whatisrequired for astraintoinvade
and out-compete a resident strain in a microbial community (Fig. 1a).
We first consider a general consumer-resource model

dN,
dt

= U(AU(N! X) — 60)
N )

@ = gi(N9 X) - ngodiu(N: X),

where N, isthe abundance of strain o; x;is the abundance of nutrient or
toxini; A,(N, x) isthe per capitagrowthrate of strain g; 6, is the dilution
rate of strain g; g(N, x) is the net nutrientinflux rate or toxin production
rate, meaning therate at which chemical species areintroducedinto the
system; and d,(N, x) is the uptake rate of nutrient or toxin i by strain o.
Thisgeneral consumer-resource model captures nutrient competition
by apositive dependence of growthrate A,on limited, shared nutrients
x;, whileinterference competitionis captured by anegative dependence
of growth rate A, on diffusible toxins x; or competitors N, that carry
contact-dependent weapons. The model revealsimportant differences
betweenthe two forms of ecological competitionwhenastraininvades.
Specifically, we show (Theorem 1, Supplementary Information) that a
rare invading strain 7 can invade a community of strains with equilib-
rium abundances V,, ..., N,; and nutrient or toxin abundances x, ..., x;
precisely when its initial growth rate overcomes its dilution, that is

AT(NI""’NT—DNT = 0, XI,...,X,) > 61—. (2)

Therefore, as weapons of the invading strain do not directly
increase its own initial growth rate A, but rather decrease the growth

rates A, of other susceptible strains g, a rare invader strain that is
equipped with a weapon cannot invade the community unless it
can invade without it (Theorem 1, Supplementary Information). Put
another way, the conditions for invasion are independent of whether
the focal strain is using interference competition—whether it is a
contact-dependent system or diffusing an antimicrobial toxin. This
resultis true for both well-mixed conditions (Theorem 1) and spatially
structured environments (Theorem 2, Supplementary Information).
The prediction arises because the benefits of interference competition
scale with population size, such that when a strain is sufficiently rare,
their impacts on other strains are vanishingly small, and instead, the
user merely suffers fromthe cost associated with production of bacte-
rialweapons. Instead, the model predicts that invasion is determined
by the ability to compete for nutrients sufficiently well to achieve a
sufficient initial growth rate A,. In the model, this condition occurs
when there is enough of a nutrient x; that the invading strain can use
but that the resident microorganisms cannot, which we refer to here
asa‘private’ nutrient. Finally, if astrainisinvadingacommunity where
resident strains are producing antimicrobial toxins, its growth rate also
will have to be high enough to overcome any mortality cost from the
antimicrobial. This result means that we can approximate the effects
of aresident’s toxin using the growth rate of the invader at invasion,
and we therefore do not explicitly study the effects of residents’ toxins
further.

Next, toillustrate the general modelling predictions, we numeri-
cally simulate the ecological dynamics that occur after astraininvades
(Fig.1c-fand Extended Data Figs.1and 2). The mainfigures (Fig. 1c—f)
show the dynamics of the continuous flow version of our model, which
isthe formthat allowed steady-state calculations and the most analyti-
cal tractability (equations (1) and (2)). In the supplement (Extended
DataFig.3), we show that the same predictions hold for abatch culture
version of our model, which is the basis of our experimental work
(below). For simplicity, our model captures the resident community
as a single strain that has an overlapping ecological niche with the
invader (Methods).

Consistent with our analytics, we see that the invasion of the focal
straindepends uponits having a private nutrient, butinvasion does not
depend upon the use of an antimicrobial toxin (Fig. 1b-d). However,
the toxin is critical for the outcome of competition over longer time
periods. Specifically, inthe absence of a toxin, straininvasion leads to
coexistence of the two strains (Fig. 1e). By contrast, when the invader
invests sufficiently into toxin production, straininvasion leads to the
removal of the resident and strain displacement (Fig. 1b; compare
panels d and f of Fig. 1). We further confirm that displacement occurs
because of increased density of the invading strain as it grows on its
private nutrient by showing that asufficient initial density of invaders
can cause displacement of aresident strain without a private nutrient
for theinvader (Extended DataFig.4). To explore Theorem 2 (Supple-
mentary Information), we also performed spatially explicit simulations
inwhich the resident strain is stable and spatially homogeneous, and
theinvaderis seeded at low density along a spatial axis (Extended Data
Fig.5). Asfor well-mixed conditions, arareinvading strain can grow only
ifithasaprivate nutrient, anditis these conditions that empower it to
displace aresident strain if it uses interference competition.

Strain displacement occurs as predicted with engineered
E. colistrains
Totest our modelling predictions, we turned to E. coliasamodel organ-
ism. This speciesis bothamenable to genetic manipulation andagood
test case because competition among strains canbe critical for human
health: some E. coli strains are harmless members of the gut microbi-
ome, while others cause deadly diseases whose treatment is hindered
by the rising incidence of AMR***%#%,

To manipulate the strength of nutrient competition between
strains, we engineered a AsrlAEB mutant of E. coliK12 that cannot grow
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Fig.1|Ecological theory predicts conditions for straininvasion and
displacement. a, Our theory captures three key aspects of the natural ecology of
bacterial competition: ecological straininvasions in which aninvader (red) invades
the niche of aresident (blue), nutrient competition over ashared nutrient (grey)
and interference competition (red stars for toxins produced by the invader).

b, Invasion success is the result of varying toxininvestment (z) or the
supplementation of a private nutrient for aninvader (m,). Invasion fails (white
region) if private nutrients are not sufficiently available. If an invader has sufficient
access to a private nutrient, it can coexist with a resident strain (light grey region),
butifitinvests sufficiently intoa toxin, it can displace the resident strain (dark grey
region). Theinvasion boundary is analytically determined (Supplementary
Equation (12), Supplementary Text), and the displacement boundary is plotted
numerically (Methods), with the dashed line delimiting the analytically derived
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bound for the displacement boundary (Supplementary Equation (17),
Supplementary Text). c-f, Numerical solutions of points in bin which the invader
has notinvestedin the production of a toxin and has no private nutrient (c; m,= 0,
z=0), hasnotinvested in the production of atoxin but has an abundant private
nutrient (d; m,=1,z=0), hasinvested in a toxin but has no private nutrient (e; m,= 0,
z=0.5) and has bothinvested in atoxin and has an abundant private nutrient

(f; m;=1,z=0.5).Solid linesindicate the abundance of strains (residentinblue, invader
inred), thered dotted line indicates the abundance of the invader toxin and the
dashed linesindicate the abundance of nutrients (shared nutrient in grey, private
nutrient for the resident in blue, private nutrient for the invader in red). Parameter
values used for simulating the invasion dynamics from equation (3) (Methods):
m=mp=1,6=D=d=015Ry=rrR=R=n=LG=qg=CG=q=1s=1,
kr=k=1Ky=K =K=10,g=1,p=0.7.
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Fig.2|Strain displacement occurs as predicted with engineered E. coli strains.
a, Scheme of invasion experiments using isogenic E. colistrains. LB mediumis
supplemented with 4% sorbitol and theninoculated with either wild-type (WT)

E. colior anisogenic AsrlAEB mutant that cannot use sorbitol. AWT E. coli with

or without colicin E2is inoculated 8 h later. Populations are enumerated using
selective plating. b, Ecological invasion experiment using the scheme in a for
scenarios modelled in Fig. 1c-f. Lines connect medians, and dashed black lines
indicate the detection limits of selective plating. Here the invader does not have
aprivate nutrient (resident is WT E. coli; kanamycin resistant; open blue circles)
and does not have a toxin (invader is WT E. coli; chloramphenicol resistant; open
red circles). N=9 independent biological replicates, each from independent
experiments. ¢, Invader has a private nutrient (resident is £. coli AsrlAEB;
kanamycin resistant; blue circles with grey fill) and does not have a toxin (invader
isWT E. coli). N = 8 independent biological replicates each from independent
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experiments. d, Invader lacks a private nutrient (resident is WT E. coli) but has
atoxin (invader is E. coli with colicin E2; chloramphenicol resistant; red circles
withblack fill). N =5 independent biological replicates each from independent
experiments. e, Invader has both a private nutrient (resident is E. coli AsrlAEB)
and a toxin (invader is E. coli with colicin E2). N = Sindependent biological
replicates each fromindependent experiments. f,g, Same experiment asinb-e,
butonly the end-point values at 72 h are plotted for both the invader (f) and the
resident (g). See descriptions above for sample size. Two-tailed Mann-Whitney
Utests are used to compare population sizes when the invader does not use
atoxinwithwhen theinvader uses either colicin E2 or colicin K. Population
dynamics of ecological invasion experiments using colicin Kare shown in
Extended Data Fig. 6i,j (VN = 5Sindependent biological replicates each from
independent experiments for experiments with colicin K). Black lines indicate
medians; dashed lines indicate the detection limits of selective plating.
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on the sugar alcohol sorbitol. By then adding sorbitol in the media
and using this £. coli AsrlAEB as aresident strain, we can study the key
scenario identified in the modelling in which an invading wild-type
strain has a private nutrient (Fig. 2a). By contrast, if we make both the
residentand theinvading strain the wild type, we capture the condition
of complete niche overlap. To manipulate interference competition
between the two strains, we equipped the invader with colicin E2, a
plasmid-borne DNAse colicinthatis apotent antimicrobial protein and
has been well characterized previously'*****2, The colicin E2 plasmid
is naturally carried by some E. coli strains and leads to both colicin
production and immunity against intoxication via production of the
cognate immunity protein from the same promoter. This plasmid is
not transferrable without a helper plasmid, which is not present in
our experiments.

With these tools in place, we then tested the predictions of our
mathematical model with invasion assays in lysogeny broth (LB) sup-
plemented with sorbitol (Fig. 2a). As predicted by the modelling and
Theorem 1 (Supplementary Information), in the absence of a private
nutrient, invasion was blocked by the resident strain whether or not
theinvader carried the colicin antimicrobial (Fig. 2b,d,f). By contrast,
in the presence of sorbitol as a private nutrient, the invading strain
was able to establish itself (Fig. 2¢c,f). However, only when the invader
had a private nutrient and it produced colicin E2 did we see strain
displacement (Fig. 2e,g). A control experiment in which we did not
supplement sorbitol confirms the dependency of displacement on the
invader-specific private nutrient (Extended Data Fig. 6a-h).In addition,
we confirmed that our results are robust for a colicin with a different
killing mechanism, colicin K, whichkills by forming pores in the outer
membrane of the target strain'® (Fig. 2f,g and Extended Data Fig. 6i,j).

These first experiments therefore support our modelling pre-
dictions that strain displacement rests upon a combination of high
interference competition but low resource competition.

Principles of strain displacement predict suppression

of AMRisolates

Our first set of experiments were based upon a model strain of . coli,
which allowed us tomodulate and isolate the type and strength of eco-
logical competition using strains of the same genetic background.
However, this approach s also artificial because competing bacterial
strainsin natural communities will often differ more extensively across
their genomes. We therefore sought to test our modelling predictions
inasecond series of experiments that leverage natural variationin the
degree of niche overlap between strains. Here we chose to focus on the
potential to displace AMRE. coli strains, which are currently the domi-
nant cause of AMR-associated deaths worldwide™. Leveraging natural

competition mechanismssuch as bacteriocin productionis aninterest-
ing emerging alternative to antibiotics, because these mechanisms can
be much more specific and less harmful to other microorganismsina
community? %, In communities such as the mammalian microbiome,
depletion of microbial diversity as a result of perturbations (that is,
dysbiosis) such as antibiotic treatment is frequently associated with
poor health outcomes'.

For the resident strains in our experiments, we identified three
clinical isolates that are sensitive to colicin E2 in vitro. Two of them
are human faecal E. coli isolates that produce extended-spectrum
beta lactamases (ESBL; 0960 and 0268), which are in a large class of
highly problematic AMR strains on the World Health Organization
priority list**°, The third isolate is a previously characterized beta
lactamase-producing urine E. coli isolate (0018)". For the invader
strains, we chose five E. colisymbiont strains historically isolated from
the faeces of healthy humans (Supplementary Table 1). The pange-
nome of E. coli is large and metabolic diversity between strains of
E.coliiscommon®*** To test whether this variability influenced strain
invasion, we first studied the ability of the five invader strains to estab-
lishin a standard gut microbiome medium (modified Gifu anaerobic
medium (mGAM), buffered to human colonic pH), which had been
pre-inoculated with one of the three AMRE. coliisolates (Fig. 3a).

Consistent with metabolic diversity among the strains, the out-
come of the invasion experiments depends upon the combination
of strains under study (Fig. 3b). Importantly, the experiments do
not identify a single strain that is the best at invading, nor one that is
best at blocking invasion. For example, E. coli Z1269 invades well into
E. coli0960 and 0268 but poorly into E. coli 0018. These patterns are
consistent with our modellinginwhichinvasionis dependentuponthe
metabolicniche available to each of the two strains. Previous work from
our laboratory found that nutrient niche overlap between bacterial
species in co-culture can be predicted from the degree of overlap in
their protein families”. To explore this here, we turned to the genome
sequences of the eight E. coli strains. We can calculate the proportion of
protein families encoded by aninvading strain that are not encoded by
agivenresidentstrain for each pairwise combination. Our overlap cal-
culationsreveal asignificant positive relationship between the genomic
difference (thatis, predicted nutrient niche difference) between strains
and the ecological success of theinvader (Fig. 3c,d). Thisresultis again
consistent with the modelling prediction that invasion is enabled by
metabolic niche diversity between an invader and resident strains,
which is further supported below where we turn phenotypic data on
the carbon sources that different strains and species use.

We nextinvestigated what happens when aninvader strainis also
capable of interference competition. As a test case, we equipped one

Fig. 3 | Principles of strain displacement predict suppression of AMR isolates.
a, Scheme for invasion experiments using E. coli isolates. nGAM anaerobic
medium in Hungate tubesis inoculated with one of three AMR isolates. After

8 h, one of five E. coliisolates from healthy humans is inoculated. Populations
are enumerated using selective plating. b,Ecological invasion experiments
according to the schemeina. The median of N =5independent replicates for
eachinvader (£. coliHS inblue, IAIlin pink, Z1331in green, Z1269 in purple, K12
inorange; all labelled with pACYC184 for chloramphenicol resistance) is shown
ateachsampled time point, and lines connect each median. Each £. coliisolate
from healthy humans was tested for invasion into each AMR isolate (£. coli 0018,
0960 and 0268; ampicillin resistant). Dashed lines indicate the detection limits
from selective plating. Red circlesindicate the best-ranked invader for each AMR
isolate. ¢, Protein family overlap between each pair of AMR isolate residents and
invader isolates from healthy humans. For each pair, the percentage of protein
families encoded by the invader that is not encoded by the resident is shown.
For each AMRisolate, the best-ranked invader is highlighted inred (circled inb).
d, Percentage of unique protein families for each strain pair (fromc)

against the end-point abundance of the invader after 72 h (data fromb).
Regression onlog-transformed data and aline of best fit is shown (black line).
Coefficient of determination (R?) = 0.2833, slope significantly different than 0

(Spearman’s rank correlation one tailed, P = 0.0230; Pearson correlation one
tailed, P=0.0206). The dashed line indicates the detection limit from selective
plating. Strains highlighted inred in care alsoindicated. e, The same datainbare
replotted only when the resident is E. coli 0960 (blue) and the invader is E. coli
71269 (purple). Each data pointis anindependent biological replicate (N=5),
and the lines connect the medians for each time point. f, The same experiment
asineisrepeated, but £. coli 71269 contains colicin E2 (colicin plasmid labelled
with chloramphenicol resistance; purple circles with black fill). Each data point
isanindependent biological replicate (N = 4) determined by selective plating,
and the lines connect the medians for each time point. g,h, Ecological invasion
experiments as in e and fare performed for each of the best-ranked (dark grey
background shade) and worst-ranked (light grey background shade) invader

for each AMRisolate (N =5 biological replicates from independent experiments
for each strain pair without colicin E2,and N = 4 for each strain pair with colicin
E2). The end-point abundance of the invadersis plotted in g, and the end-point
abundance of the residents is plotted in h. Lines indicate medians. Two-tailed
Mann-Whitney Utests are used to compare the population sizes of the best- and
worst-ranked invaders for each AMR resident in g and to compare the population
sizes of the resident when the invader either does or does not contain colicin E2
inh.Ine-h, dashed linesindicate the detection limits from selective plating.
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of ourinvader strains (Z1269) with colicin E2 and performed the same
invasion assay into E. coli 0960 as before. As expected from previous
results, without the antimicrobial, Z1269 invaded well but did not
displace the resident strain E. coli 0960 (Fig. 3e). By contrast, with
the antimicrobial, Z1269 could both invade and markedly reduce the
number of the AMR strain (Fig. 3f). We then extended the experiments
toincludethe best-ranked invader and worst-ranked invader for each of
thethree AMRE. coliisolates. Inall cases, when abest-ranked invading
strain produced colicin E2, it was able to both invade (Fig. 3g) and sup-
pressthe AMRE. coliisolate (Fig. 3h and Extended Data Fig. 7). Impor-
tantly, and consistent with Theorem 1 (equation (2) and Supplementary
Information), all the worst-ranked invading strains were unable to
invade whether or not they carried the antimicrobial colicin (Fig. 3g).

Insummary, in competitions between naturalisolates of . coli, we find
againthatstrain displacement rests upon the combination of expected
low nutrient competition and high interference competition.

Overcoming nutrient blocking enables strain displacement in
diverse bacterial communities

We have so far studied competition scenarios in which an invading
strain facesaresident strain of the same speciesinisolation. However,
many microbial communities contain a diversity of species. These
species can interact with one another in ways that affect ecological
outcomes®®. Therefore, we next performed E. coli invasion experi-
ments in the presence, or absence, of a diverse community, focus-
ing on the best-ranked invading strain for each AMR E. coli isolate.
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For the community, we chose acommunity of 15 species that we had
previously characterized and contains phylogenetically distinct
representatives of common human gut symbionts". We grew each
symbiont species separately, assembled themin 15-species communi-
ties along with the resident AMR E. coliisolate and then challenged
the resulting community with the best-ranked invader (Fig. 4a). Note
that colicin E2 is a narrow-spectrum bacteriocin, meaning that the
community is not expected to be directly affected by its action®’. As
expected fromthe last set of experiments, when the community was
absent, all invaders established themselves in the presence of the
resident (Fig. 4b) and suppressed its numbers (Fig. 4c). However,
the outcome changed in the presence of the community. Adding the
15-species community always blocked the invader from establishing
(Fig.4b) and consequently also blocked any displacement (Fig. 4b,c
and Extended Data Fig. 8).

This impact of the community is consistent with previous work
showing that diverse communities can block invasion of pathogens
collectively. This process, known as nutrient blocking, occurs whenever
thereissufficient overlapin the nutrient utilization abilities of the com-
munity as awhole compared with the invading strain”. To explore the
importance of nutrient blocking, we focused on the case of the invading
strain E. coliZ1269 and the AMRE. coliisolate 0960. We use previously
published data onthe nutrient utilization abilities of the 15 symbionts
fromBiolog AN MicroPlates (Extended Data Fig. 9a)"” and also collected
Biolog data for the E. coli strains for the purposes of this study, which
revealed that E. coli 0960 could metabolize only around half of the
carbonsourcesonthe plate used by E. coli Z1269 in these experimental
conditions (Fig. 4d). Not all carbon sources in our growth media are
found on the Biolog plates, and vice versa. Nevertheless, previous
work found that the Biolog plates are a good proxy for general carbon
source overlap between strains”. We computationally assembled all
possible combinations of 1,3 and 5 species for the other 15 symbionts
and calculated the carbon source overlap between these communities
(when they also contain the E. coli resident) and the invading strain
E. coliZ1269. As the diversity of the community increases, we observe
that the probability of community-conferred carbon source overlap
with theinvading strainis higher, again consistent with previous work"
(Fig.4d).Importantly, when all 15 species are present, the community
can metabolize nearly all tested carbon sources compared with the
invading strain. This suggests that high metabolic overlap explains why

the 15-species community blocked invasion and consequent displace-
mentin our experiments (Fig. 4b,c).

Wefurther tested theimportance of nutrient blocking by using our
carbon-source overlap calculations to identify three- and five-species
communities which, when added to the resident £. coli strain, have
either the highest or lowest overlap with the invading strain. Specifi-
cally, for each level of diversity, we chose five communities that had
the highest overlap (H) and five communities that had the lowest over-
lap (L) and then performed the same experiment as before (Fig. 4a).
As predicted, the invader invaded effectively when the community
was predicted to have low overlap relative to the invader, but failed
to invade reliably when the community was predicted to have high
overlap (Fig.4e).Importantly, this led to efficient displacement of the
resident in the low-overlap communities but not in the high-overlap
ones (Fig. 4f). Moreover, displacement never occurred when the
invader lacked the ability to make colicin antimicrobials (Extended
DataFig.9b,c). These experiments, therefore, again support the impor-
tance of nutrient blocking for strain displacement. Specifically, for
displacement to occurin our experiments, anincoming strain mustbe
able to overcome both nutrient competition from conspecific strains
initsniche aswell as collective nutrient blocking that involves multiple
members of the resident community.

As a final test of our ideas, we asked whether one can overcome
nutrient blocking of an invading strain and drive strain displacement
by supplementing with a private nutrient. We ran a version of our
invasion experiment using a community of nine species that cannot
metabolize sorbitol. We used genome editing to generate a AsrlAEB
mutant, which cannot use sorbitol, inthe background of the AMRE. coli
isolate 0018 and used this as theresident strain. Asaresult,no member
of the resident community can use sorbitol in this experiment. E. coli
IAl1 was the invading strain with colicin E2 for interference competi-
tion. This strain normally invades well and displaces E. coli 0018 in the
absence of acommunity (Fig. 4b,c). By contrast, in the presence of the
nine-species community, we observe nutrient blocking and poor inva-
sion (Fig. 4g), without an observable impact on £. coli 0018 (Fig. 4h).
However, as predicted, the addition of sorbitol as a private nutrient
drives an increase in invasion by ~100-fold (Fig. 4g) and the suppres-
sionof the AMRE. colitarget strain within the community of 9 species
(Fig. 4h). We confirmed that this result is dependent on sorbitol not
being consumed by the community: when E. coli 0018 can use sorbitol

Fig. 4| Overcoming nutrient blocking enables strain displacement in diverse
bacterial communities. a, Scheme for community invasion experiments.

b,c, Experiments asinaare performed for the best-ranked invader for each

AMR isolate (from Fig. 3b) in the absence (white background; red filled circles)

or presence (light grey background shade; open red circles) of al5-member
community (+15 spp.; see Supplementary Table 1 for strains used). For each
strain pair, the invader either contains colicin E2 or remains the wild-type
E.coliinvader. N = 4 biological replicates from independent experiments for all
combinations, with the exception of N =5 for four combinations (Z1269 and 0960
inthe presence of 15 species both when Z1269 does and does not have colicin

E2; 71269 and 0268 when Z1269 does not have a toxin, both in the absence of a
15-species community), and N = 6 for the strain pair of Z1269 and 0960 in the
absence of acommunity and colicin E2. The end-point abundance of the invaders
is plotted inb, and the end-point abundance of the residents is plotted in c.

Lines indicate medians. Two-tailed Mann-Whitney Utests are used to compare
the population sizes of invaders in b and to compare the population sizes of the
residentin c. Dashed lines indicate the detection limits from selective plating.

d, Insilico prediction of carbon-source overlap of the resident AMR

E. coli 0960 and the community to the invader E. coli Z1269. Each circle represents
adifferent community and all possible combinations of the 15 species in addition
to the focal strain pair at each diversity level is plotted (NV=1, N=15, N=455,
N=3,003,N=1for0,1,3,5and 15 additional species, respectively). AN Biolog
assays are used to determine carbon source overlap of each individual strain
(Extended Data Fig. 9a), and predicted carbon-source overlap of the community
is calculated using an additive approach asdoneinref.17.e,f, The effects on

invasion and displacement of five communities with the highest (H; open red
circles) and lowest (L; filled red circles) overlap to the invader at diversity levels
of both three and five species in addition to the focal £. coli strains were tested
(communities identified in d). For each of the five communities in each group,
N=3biological replicates from independent experiments are shown and grey
lines connect the highest and lowest point of the three replicates. Dashed
linesindicate the detection limits from selective plating. The end-point (72 h)
abundance of invader E. coli Z1269 is plotted in e, and the end-point abundance
of resident £. coli 0960 is plotted in f. Two-tailed Mann-Whitney U'tests are used
to compare the end-point of the invader in e with the end-point of the resident
inf.Inall cases, the median value of the three replicates for each community
isused. This means that Mann-Whitney Utests use community medians for

the comparisons (N =5 communities for each). g,h, Nutrient supplementation
experimentin the presence of a diverse community. The AMR isolate E. coli 0018
AsrlAEBis the resident and embedded in acommunity of 9 species that cannot
use sorbitol (+9 spp.; see Supplementary Table 1 for strains used; inability to use
sorbitol defined in Extended Data Fig. 9a). One-half mGAM medium without
(light grey background shade; open circles) or with 1% sorbitol (dark grey
background shade; circles with black fill) is used as the medium. The invader
strain s £. coli IAI1 with or without colicin E2. N = 4 biological replicates from
independent experiments. The end-point (72 h) abundance of the invader is
plotted ing, and the end-point abundance of the resident is plotted in h. Two-
tailed Mann-Whitney U'tests are used to compare the end-point abundance
oftheinvadering, and to compare the end-point abundance of the AMR E. coli
residentinh.
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(E.coli0018 wild type used as the resident), E. colilAll could no longer
invade, even under sorbitol supplementation (Extended Data Fig.10).In
summary, the results from diverse communities of bacteria again sup-
port our modelling predictions that competitive strain displacement
rests upon weakening nutrient competition in order that aninvading
strain can establish and engage in interference competition that sup-
presses aresident strain.

Discussion

Thereis currently agreat interest in microbial communities and what
determines their composition. Here we have studied the process of
strain displacement using acombination of ecological modelling and

experimental tests. Our general mathematical model of microbial com-
munitiesidentifies a specific scenario that enables strain displacement
eventsviaecological competition. Firstly, the invading strain needs to
experience relatively low levels of competition to establish in a com-
munity. Secondly, the strain needs to engage in strong interference
competition to remove a resident strain from its shared niche (Fig. 1).
We verified these predictions using £. coli as atest case, by genetic engi-
neering that allowed us to manipulate both resource and interference
competition (Fig. 2), and with competitions between natural strains of
E.coli (Fig.3).Finally, we studied theimpacts of diverse communities on
the outcome of strain displacement. Aninvading strain must be able to
overcome nutrient competition not only withits niche competitor but
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alsowith the wider community to displace the niche competitor (Fig. 4).
Inour experiments, this outcome was achieved by using a private nutri-
entthatis untouched by the community, but another potential route for
astraintoinvade would be to use a partially consumed nutrient more
efficiently than any member of the resident community.

Our findings fit well with previous work that has studied either
resource or interference competition. Nutrient competitionis known
to be an important determinant of the ability of a strain to establish
itselfina community'®"*>*2, For interference competition, there is con-
siderable evidence that the benefits of bacteriocin productionare den-
sity dependent®*¢, which we see inboth our models and experiments
(Figs.1-4).Here, we also have identified a stronginteraction between
these two forms of competition. The density-dependent benefits of
antimicrobials canbe a majorissue for aninvading strain experiencing
strong nutrient competition because this can prevent a strain from
establishing itself well enough to make use of antimicrobials.

The impacts of weapons at low frequency or density may also be
influenced by spatial structure, such as occurs in biofilms*¢, as spatial
structure can improve the effectiveness of bacterial weapons. The
importance of spatial structure in the mammalian gut, where peristal-
sis actively mixes gut contents, is a matter of active study*, but other
settings, such as oral biofilms, are highly structured*®. Nevertheless,
our theory predicts that it is access to a private nutrient, rather than
interference competition, which enables strains to invade an exist-
ing community, be it well mixed or spatially structured (Fig. 1 and
Extended DataFig.5). Therefore, we anticipate that our key conclusion
that nutrient competition is central to invasion will hold across many
environments. Indeed, recent work has shown that the benefits of both
contact and diffusing weapons are strongly frequency dependent
under conditions of spatial structuring. Consistent with our findings,
this work found that benefits of weapons are typically greatest once
strains have has reached a certain density or frequency, an effect that
is particularly strong for diffusing toxins**. Our findings are also likely
toapplytocasesinwhichapathogenicstraininvades acommunity and
displaces anon-pathogenicresident. For example, Salmonella enterica
subsp. enterica serovar Typhimurium uses its metabolism to grow to
sufficient densities*’, at which point it triggers inflammation and uses
antibacterial toxins to target E. coli competitors®.

Ifinterference competition is so important for the ability of one
strainto suppress another, why then do not all bacterial strains evolve
to carry weapons'®? Bacterial weapons such as colicins can be very
costly to use*, and if a resident strain uses few overlapping nutrients,
the best evolutionary strategy may be to coexist rather thanattack. The
question of how interference competition and metabolism evolve in
the face of variable nutrient competition is aninteresting question for
future work. However, in some cases, strain turnover is likely to occur
without arole for bacterial weapons. If nutrient conditions change,
strain invasion and turnover can occur simply because the nutrients
previously available to aresident are no longer present. We anticipate,
therefore, that strain turnover in natural systems occurs both in this
passive manner as well as via active competition and displacement as
we have described here®**%,

The study of strain displacement has implications for biothera-
peutic strategies that seek to change the composition of microbial
communities. Strains of AMRE. coli or Klebsiella sp. are common resi-
dents of the gut microbiome but rarely cause disease in the gut itself.
However, they can spread AMR?**° and cause deadly diseases elsewhere
in the body™. The prospect of removing these strains from the gut
microbiome, therefore, is an attractive one. While we have focused on
targeting AMR strains, their antibiotic resistance itselfis not expected
to influence strain replacement in the absence of clinical antibiotics.
Instead, the key to displacement will lie in finding a biotherapeutic
strain that does not overlap too greatly with the target in the nutrient
utilization profile. This outcome canbe achieved by supplementing a
microbiome with a private nutrient for abiotherapeuticstrain (Fig. 4),

as illustrated for B. thetaiotamicron previously®. Alternatively, one
might try tointroduce a high enough density of abiotherapeutic strain
to enableit to use abacterial weapon immediately, although this may
be challenging in practice (Extended Data Fig. 4).

Suchstrategies all assume that one canidentify abacterial weapon
thatabiotherapeutic strain can use againstatargetstrain. Interference
competition is found in many species of bacteria, including many gut
symbionts such as Bacteroides spp.***, which suggests that the use of
bacterial weaponry in this way is feasible. One caveat from our data is
that the negative impacts on a resident strain from the antimicrobial
are sometimes quite modest, seemingly too modest to be used as
a biotherapeutic strategy. However, our experiments are relatively
shortandthat these impacts are likely to be much greater over longer
periods, which allows a toxin-producing strain more time to displace
aresident. The models also make clear that another route to increas-
ing the degree of displacement is via the development of more potent
toxins against a particular target strain, which is another interesting
avenue for future work.

Despite the ecological complexity of microbial communities,
our study suggests that there are ultimately simple rules underlying
what makes a highly competitive microorganism. These principles can
be applied in strategies that seek to rationally manipulate microbial
communities by introducing beneficial strains, removing problematic
strains or both.

Methods

Mathematical model

Our general theory of ecological invasions is based upon a
consumer-resource model (equation (1), Results), meaning that the
abundance of all strains is determined by nutrients in the system,
along with any toxins they may encounter. Although the abundance of
strains can also be modulated by density-dependent regulation®*, this
will take effect only once cells reach a density ultimately determined
by the nutrients or toxins in our model. Therefore, we do not consider
density-dependent regulation explicitly here.

The Supplementary Text provides further details of the general
modelincluding the proof of the key Theorem1lintroduced in Results.
Here we provide an overview of the model with a single resident and
invader strains that we use toillustrate the general theory and to gen-
erate Fig.1and Extended Data Figs.1and 2. For the model, we consider
aresident strain with abundance N; that competes with an invader
strain of abundance N, over shared nutrients with concentrationxina
continuous culture. Moreover, we assume that each strain canalso use
private nutrients with concentrations x; (or x; for the invader private
nutrient) and that the invader strain can target the resident strain
with a toxin of concentration y. As bacteria have a finite proteome
budget that is partitioned among different physiological functions®,
weintroduce the toxininvestment parameter z € [0,1] for the invader
strain as the relative investmentinto proteome associated with toxin
production as opposed to nutrient metabolism. Correspondingly, we
assume that the toxinis produced at arate gz, diluted at rate d, taken
up by the resident at maximal rate s with a Monod constant K and
has maximal potency p to decrease the growth rate of the resident
population. Furthermore, we assume that the invader (respectively,
the resident) uses the private nutrients at a maximal consumption
rate (1-2)C, amaximal growth rate (1 -2)R, and a Monod constant
K, (respectively, Cy, Ry and K;) and the shared nutrients at a maximal
consumptionrate (1 - z)c,, amaximal growthrate (1 - z)r,and aMonod
constantk, (respectively, ¢, rr and ky). We assume that the strains grow
at rates given by a generalized Monod equation®**” and are diluted
atrate 6. Finally, we assume that the nutrients are diluted at rate D
and supplied at rates m (shared nutrients), my (private nutrients of
the resident strain) and m, (private nutrients of the invader strain).
With these assumptions, the resulting general consumer-resource
dynamicsin equation (1) (Results) reduces to
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We simulated this system of equations numerically with the
explicit Runge-Kuttamethod (timestep At =1, maximal time ¢t =300)
in Python to explore invasion dynamics (Fig. 1c-f) and examined
its steady states by a combination of analytical techniques (Supple-
mentary Text) and numerical root finding with the SciPy package*®
to identify regions where the invader strains can successfully invade
and displace the resident strain (Fig. 1b and Extended Data Fig. 1).
In particular, the displacement boundary in Fig. 1b and Extended
Data Fig. 1f is obtained by performing a binary search over the toxin
investment (or toxin potency for Extended Data Fig. 1a,k) domain to
determine a critical value for the existence of a non-negative fixed
pointtoequation (3) with N,,N; > 0. The hybrid method from the SciPy
package’® with the initial estimation of N;= Ny =N, x=X', X; = Xg = Xz,
y=0 (withvalues N/, x" and x’ given by Supplementary Equation (11)
in Supplementary Text) is used to determine the existence of this
coexistence fixed point.

Bacterial strains

All strains used in this study are listed in Supplementary Table 1, all
plasmids used inthis study are listed in Supplementary Table 2 and all
primersused to construct or verify strains are listed in Supplementary
Table 3. For strains grown under aerobic conditions (£. coli strains),
LB (Fisher Scientific) medium was used containing the appropriate
antibiotic (100 pg ml™ ampicillin, 50 pg ml™ kanamycin, 15 pg mi™
chloramphenicol). For strains grown under anaerobic conditions (5%
H,, 5% C0O,,90%N,, <20 ppm O,), mGAM (Nissui Pharmaceuticals) broth
buffered to pH 6.2 with100 mM 2-(N-morpholino)ethanesulfonic acid
(MES; Sigma-Aldrich) was used. To ensure that anaerobic conditions
were maintained, the redox indicator dye resazurin (100 pg I medium;
Sigma-Aldrich) was added to the medium. All strains were grown at
37 °C shaking at 220 rpm. Strains were stored in glycerol stocks at
-70 °Cwith afinal concentration of 25% glycerol.

The strains chosen to make up the 15-member community are
important members of the human gut microbiota that cover key phy-
logenetic groups and were previously characterized”. All strains used
inthisstudy areeither previously sequenced or sequenced in the scope
of this study.

Genetic engineering of bacterial strains

Plasmids and genetic constructs were transformed by either electropo-
ration or by heat-shock. For electroporation, 5 ml of overnight culture
grown in LB was concentrated and washed 3x with ice-cold Milli-Q
water. Subsequently, 2 pl of plasmid (prepped using a QIAprep Spin
Miniprep Kit, Qiagen) was mixed with 100 pl of concentrated cellsand
electroporated (1.8 kV; 1 mmgap cuvettes). For heat-shock, overnight
cultures of cells were subcultured until OD 0.5, washed twice with
ice-cold 100 mM CaCl, containing 15% glycerol and then concentrated.
The cells were aliquoted and either frozen at -70 °C for later use or
mixed with 2-10 pl plasmid onice for 30 min. Cellsincubated with the
plasmid were then heat-shocked for 40 s at42 °Cand then putback on
icefor3 min. After either type of transformation, cellswererecoveredin
1mILB (1 hofshakingat37°C, or30 °C for pKD46) before being plated
ontheappropriate selective LB media.

To create gene deletions or insertionsin £. coli K12 strains, lambda
red engineering was used*’. PCR (KOD high-fidelity DNA polymerase,
Merck) was used to amplify chloramphenicol or kanamycin resistance
cassettes from pKD3 or pKD4, respectively, withhomology to the target
gene locus. The target strain containing the pKD46 helper plasmid
(BZB1011 pKD46) was cultured overnight at 30 °C with 100 pg mI™
ampicillinand subcultured (1/100) in LB for 2 h. The lambdared system
was theninduced by adding 10 mM L-arabinose for1h. Then, 5 plof the
PCR template was electroporated into theinduced cells. Mutants were
verified using PCR.

To transform natural colicin plasmids (pColE2-P9 or pColK-K235)
into E. coli K12 strains, isolated colicin plasmids were electroporated
into the target strainand mutants were selected for on colicin superna-
tant. To prepare supernatant-containing plates, strains containing the
desired colicin were grown overnight in LB with 0.25 pg ml™ mitomycin
C (Merck) and centrifuged, and the supernatant was filtered with a
0.22-umfilter. Before selective plating, 200 pl of the supernatant was
spread onto an LB plate. Candidate transformants were confirmed
as colicin producers by determining that the supernatant produced
by these transformants could inhibit wild-type E. coli K12 but not the
colicin-containing ancestral strain using the same method of super-
natant preparation and streaking of the target strains on the plate.

To transform colicin E2 into natural £. coliisolates (E. coli HS, 1All,
71269 and Z1331), a chloramphenicol resistance marker was cloned
into pColE2-P9yielding pColE2-Cm_v2, and electroporated into target
strains using selection on chloramphenicol. To create pColE2-Cm_v2,
the chloramphenicol resistance cassette was amplified from
pHis-MBP-T_H using primers cmv2_fwand cmv2_rv, and the pColE2-E9
vector was amplified using primerse2_cmv2_fwand e2_cmv2_rev. Frag-
ment and vector were joined using Gibson Assembly (NEBuilder HiFi
DNA Assembly, New England Biolabs) according to the manufacturer’s
instructions. Using heat-shock, 5 pl of the assembled plasmids was
transformed into E. coli DH5a and selected for with chloramphenicol
(15 pg ml™). Plasmids from successful transformants were isolated
using miniprep and confirmed via Sanger sequencing using primers
e2 1-7and cmv2_fw.

To engineer natural E. coliisolates (E. coli 0018 AsrlAEB), asuicide
vector method with dual negative selection was used®’. Briefly, 700
base pairs upstream and downstream of the region to be deleted was
amplified using PCR (KOD high-fidelity DNA polymerase, Merck). pFOK
was digested with BamHI-HF and EcoRV-HF (New England Biolabs) for
1hat37°C and gel extracted. Subsequently, 50 ng of digested pFOK
was mixed with 2-3-fold molar excess of each of the flanking regions
and assembled using Gibson Assembly (NEBuilder HiFi DNA Assembly,
New England Biolabs) at 50 °C for 60 min. The assembled mix was
transformed into E. coli EC100D pir-116 using heat-shock. Resulting
clones were verified for the correct insert at the multiple cloning site
using PCR and Sanger sequencing (Source Biosciences) using primers
00PC614 and 0OPC615. Suicide vector plasmids were then isolated
and then transformed into the DAP auxotroph E. coli JKe201 using
heat-shock (100 uM DAP supplemented to the media). For integration
ofthesuicide vectorinto the target strain, both the JKe201 donor strain
containing the suicide vector and the target strain were grown over-
night without antibiotics and then mixed at a 1:1 ratio, concentrated,
spotted onan LB plate and allowed to grow for at least 6 hat 37 °C. To
select for merodiploids, the mixture was streaked on LB with 50 pg mi™*
kanamycinto select for suicide vector integration. Merodiploids were
then streaked on LB without salt containing 20% sucrose and 0.5 pg ml™*
anhydrous tetracycline and incubated in the dark at 28 °C for at least
24 h. Deletion mutants were then screened with PCR.

Isogenic E. coli invasion experiments (aerobic)

Overnight cultures of the competing E. coli strains were inoculated
fromsingle colonies in LB with the appropriate antibiotics. The medium
used for the invasion experimentsis 2 LB (diluted with Milli-Q water) or
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145 LB + 4% sorbitol (diluted from 20% sorbitol with Milli-Q water)
buffered to pH 6.2 with 50 M MES. The LB medium was buffered to
pH 6.2 with 100 uM MES and then autoclaved, before mixing with
sterile-filtered sorbitol and autoclaved Milli-Q water. Aliquots of 3 ml
mediumin test tubes were used for the assay. The resident strains were
washed 2x with PBS, and 3 pl of washed cells was added to the medium
(corresponding to10° CFU ml™starting density). After 8 h, the invader
strains were removed from the incubator, washed 2x with PBS and
diluted such that 10* CFU mI™ was added to each tube as a starting
inoculum (thatis, 30 pl of 10-diluted washed cells). The inoculawere
diluted and plated on LB with the appropriate antibiotics. At distinct
time points as indicated on the figures (for example, Fig. 2), tubes
were removed from the incubators; samples were collected (20 pl
volume), diluted and plated on selective medium (LB plus kanamycin
or chloramphenicol); and then tubes were returned to the incubator
until 72 h after inoculation of the resident strain.

Invasion experiments with E. coli isolates (anaerobic)

The medium used for these experiments was mGAM buffered to pH 6.2
with MES. The medium was pre-reduced inananaerobic chamber (Coy)
containingagas composition of 5% H,, 5% CO,,90% N, and <20 ppm O,,
and the redox indicator resazurin was used to ensure oxygen remained
limited during the course of the experiment. All strains and competi-
tion experiments were grown in sealed Hungate tubes that could be
sampled using needles and syringes (5 ml medium volume). Overnight
cultures of E. coli strains in Hungate tubes with buffered mGAM were
inoculated from single colonies and grown at 37 °C.

Asforthe aerobicinvasion experiments withisogenicE. coli, anaer-
obic cultures of the resident strains were washed with anaerobic PBS
2x under anaerobic conditions and diluted cells were inoculated into
the assay tubes (10° CFU ml™ starting density). After 8 h, the invader
strains were washed anaerobically as for the residentand inoculated in
the assay tube (10* CFU ml™ starting density). The inocula were diluted
and plated, and time points were taken and plated on the appropriate
antibiotics (LB plus chloramphenicol or ampicillin) as for the aerobic
assays, but samples were aspirated using needles and syringes to keep
the assay tube anaerobic.

Community invasion experiments (anaerobic)

As for anaerobic invasion experiments with only E. coli strains, buff-
ered mGAM in Hungate tubes were used for community invasion
experiments. Before community assembly, all symbiont strainsinthe
15-species community (Supplementary Table 1) were inoculated from
glycerol stocks inmGAM anaerobically and allowed to grow to station-
ary phase (24-72 h depending on the symbiont). All symbiont strains
were passaged (1:50) into freshmGAM tubes 24 hbefore the start of the
experiment. The resident strain was inoculated from a single colony
and grown overnight.

As before, the resident strain was washed anaerobically in PBS
2x and seeded into the Hungate assay tubes containing 5 ml buffered
mGAM at 10° CFU ml ™ starting density. Subsequently, 100 ul of each
desired symbiont was added to the assay tube using needles and
syringes (fresh needle for each tube to avoid cross-contamination)
and grown for 24 h at 37 °C and 220 rpm. Overnight cultures of the
invader strains grown overnight from a single colony in mGAM were
washed anaerobically with PBS and added to the assay tubes 24 h after
the resident strain (10* CFU ml™ starting density). Selective plating
was used to enumerate population sizes of the focal competing E. coli
strains (resident strains on LB plus ampicillin, invader strains on LB
plus chloramphenicol) as indicated in Fig. 4.

For nutrient supplementation experiments under anaerobic con-
ditions (for example, Fig. 4g,h), the experimental set-up was the same,
exceptthe media used was2mGAM buffered with 50 mMMMES to pH 6.2
with orwithout1%sorbitol. 2.5 mlHungate tubes with sterile pre-reduced
buffered mGAM were prepared, and separately, sterile Milli-Q water and

2% sorbitol were prepared and reduced inthe anaerobic chamber. Then,
2.5mlof either Milli-Qwater or 2% sorbitol was added to the mGAM tubes
using aneedle and syringe to create the desired media.

Whole-genome sequencing
An overnight culture of E. coli 0960 and 0268 was prepared in LB
containing 100 pg ml™ ampicillin and 50 pg ml™ kanamycin. A pellet
was taken and DNA was extracted using ethanol precipitation and
AMPure clean-up. Pellets were resuspended in nuclease-free water and
transferred to alysing matrix B tube (MP Biomedicals) and lysed using
bead-beating (1 minat25 Hz). Samples were centrifuged at high speed,
and sodium acetate (1/10 volume) and ice-cold ethanol (96-100%;
volume equal to the total amount of supernatant) were added to the
supernatant; the mixture wasincubated at 20 °C overnight. Samples
were centrifuged at high speed, and the pellet was washed twice with
70% ethanol, before being dried and resuspended in nuclease-free
water. Samples were then mixed with AMPure XP beads (Beckman
Coulter) and incubated at room temperature for 5 min. Samples were
washed twice with 70% ethanol using amagnet to avoid removing DNA
bound to the AMPure beads. Following an air-drying step, nuclease-free
water was added to the beads to resuspend DNA into the supernatant.
Source Biosciences performed whole-genome lllumina sequenc-
ingonaNovaSeq 600 to generate 10 million150-bp paired-end reads.
Genome assembly was performed with Unicycler v0.4.8 using default
settings and subjected to protein family annotation”.

Genomic analysis using protein family overlap
Genomicinformation fromthe eight E. coli strains was retrieved from
the Bacterial and Viral Bioinformatics Resource Center (BV-BRC) data-
base® or, in the case of E. coli 0268 and E. coli 0960, we sequenced them
(see above). Using methods we previously established"”, we applied a
cluster-based analysis grouping proteins encoded in genomes into
BV-BRC global protein families®>. For each pairwise interaction between
aninvader E. coliisolate and aresident AMR E. coliisolate, we computed
the overlap between the two strains. Invader unique protein families
indicate the protein families that are presentin theinvader strain that
theresident strain does not have.

Nutrient utilization using Biolog assays

Allsymbiontstrains and the . colistrains IAlland 0018 were previously
analysed on Biolog AN MicroPlates (Biolog)". Using the same method,
we profiled the additional E. coli strains in this study (E. coliK12, 71269,
71331, HS, 0960, 0268). Briefly, overnight cultures in mGAM grown
under anaerobic conditions were centrifuged and washed and diluted
in ANinoculating fluid corresponding to 65% transmittance (OD 0.187)
according to the manufacturer’s instructions. The inoculating fluid
was seeded into the Biolog plates under aerobic conditions and then
putinanairtight container with a GasPak EZ Container System Sachet
to generate hydrogen-free anaerobic conditions. After 24 h at 35°C
without shaking, plates were measured at 590 nm. The absorbance
reading at 590 nm (Abs 590 nm) was subtracted from the no carbon
source control in well Al. Each strain was measured three times and
the median blank-subtracted absorbance value was taken. As before”,
we used athresholding approach that defined astrain asbeingable to
metabolize agiven carbonsource if the Abs 590 nm value was greater
than 0.1after blank subtraction (Extended Data Fig. 9a).

Predictions based on Biolog assays

We computationally assembled all possible combinations of the 15
species (Supplementary Table1) at distinct diversity levels (0,1,3,5and
15speciesinadditionto the resident AMRE. coli 0960 and the invader
E. coli 71269). Carbon source overlap was determined as follows: for
each community, if any of the species within the community (the resi-
dentstrain or any of the symbiont strains) used a given nutrient based
onthe Biolog measurements (Extended Data Fig. 9a) that theinvader
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could also use, we considered there to be carbon source overlap. We
did this procedure for all 95 carbon sources on the Biolog plate and
reported the overlap as a percentage for each community (Fig. 4d).

We experimentally validated the predicted highest and lowest
carbon source overlapping communities in Fig. 4e,f, choosing five
communities at each diversity level of three and five species in addition
to the focal E. coli (picking communities at random if there were ties
in predicted carbon source overlap). There was one exception, which
is that H3-5is actually the community with the sixth highest overlap.
This was used instead of one of the communities with higher overlap
owing to technical reasons involving contamination during a pilot
experimentin which the sixbest communities were screened for their
ability toresistinvasion. Supplementary Table 4 shows the identify of
the species within these communities and the predicted carbon source
overlap based on the Biolog plate measurements.

Statistical analysis

All graphs and statistical analyses were performed using GraphPad
Prismv10.2.2. Protein family overlap analyses and carbon source over-
lap predictions were computedinRv4.0.5 (ref. 63). The figure legends
indicate the statistical tests used and the sample sizes. Non-parametric
tests were generally used to avoid assumptions of normality.

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

Data availability

All experimental data used to generate plots are available via Fig-
share at https://doi.org/10.6084/m9.figshare.29402243 (ref. 64).
The whole-genome sequences of E. coli 0960 (NCBI accession
SAMN49384365) and 0268 (NCBIl accession SAMN49382617) have been
depositedinSequence Read Archive under BioProject PRINA1279092.
There are no restrictions on use of data, materials or code with the
exception of E. coli strains 19Y000018, 18Y000960 and 19Y000268,
which are protected by a material transfer agreement and requires
permission from Nottingham University Hospitals Pathogen Bank.
Source data are provided with this paper.

Code availability
All code is available via GitHub at https://github.com/vit-pi/
strain-replacement.
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nutrients for both strains instead of just the invader. K-0) Varying toxin potency
aswell as varying supplementation of private nutrients for both strains. A,F,K)
Invasion success as a result of varying toxin investment (z; abbreviation=invest.)
or potency (p) on the y-axis, or the supplementation of a private nutrient for the
invader (m,) or both the invader and the resident (m=my;) on the x-axis. Invasion
fails (white region) if private nutrients are not sufficiently available. If an invader
has sufficient access to a private nutrient, it can co-exist with aresident strain
(light grey region), but if it invests sufficiently into a toxin or has a sufficiently
potent toxin, it can displace the resident strain (dark grey region;
abbreviation=disp.). The invasion boundary is analytically determined (Eq. S12;
see Supplementary text) and the displacement boundary is plotted numerically
(see Methods), with the dashed line delimiting the analytically derived bound for
the displacement boundary (Eq. S17; see Supplementary text). B-E,G-J,L-O)
Numerical solutions of four scenarios panels A, F K, indicated as black points.
Solid linesindicate the abundance of strains (residentin blue, invader inred), the
dotted red line indicates the abundance of the invader toxin, and the dashed lines
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indicate the abundance of nutrients (shared nutrient in grey, private nutrient for
theresidentinblue, private nutrient for theinvaderinred). B-E) Theinvader hasa
non-potent toxin and no private nutrient (panel B; m=0, p=0), anon-potent toxin
butanabundant private nutrient (panel C; m=1, p=0), a potent toxin but no
private nutrient (panel D; m=0, p=1), and a potent toxin and an abundant private
nutrient (panel E; m=1, p=1). Parameter values used for simulating the invasion
dynamicsfromEq.3 (Methods): m =mzp =1,6=D=d=0.15R; =rp =R, =
n=1,C=cg=C=¢c=1,s=1L,kg=k =1,Kp =K, =K=10,z=0.5,g=1.
G-J) Theinvader has notinvested in the production of atoxin and there are no private
nutrients (panel G; m=m,=0, z=0), the invader has not invested in the production of
atoxinbut there are private nutrients for both strains (panel H; m=m,=1,2=0), the
invader invested in atoxin but there are no private nutrients (panell; m=m;=0,
2z=0.5), and the invader has both invested inatoxin and there are private nutrients
(panel}); m=m,=1,2=0.5). Parameter values used for simulating the invasion
dynamicsfromEq.3(Methods):m =1, 6 =D=d=0.15Ry=rp =R, =r =
LCr=cr=C=¢c=1,s=1Lkg=k =1,Kg =K, =K=10,g=1,p = 0.7.

L-0) Theinvader does not have a potent toxin and there are no private nutrients for
either strain (panel L; m=m,;=0, p=0), theinvader does not have a potent toxin but
there are private nutrients for both strains (panel M; m=m;=1, p=0), the invader has
apotent toxin but there are no private nutrients for either strain (panelN; m=m, =0,
p=1), theinvader has a potent toxin and there are private nutrients for both strains
(panel O; m=m,=1, p=0). Parameter values used for simulating the invasion
dynamicsfromEq.3(Methods):m =1, 6 =D=d=0.15Ry =rRr =R/ =r =
1,Ge=cr=C=c¢c=L,s=Lky=k =1,Kp=K,=K=10,z=0.5,g=1.
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Extended Data Fig. 3| Numerical simulations of the batch culture dynamics.
Multiple numerical solutions of batch culture dynamics are presented where the
variable toxin investment and variable availability of private nutrient

(panels A-D), variable toxin potency and variable availability of private nutrient
(panels E-H), variable toxin investment and both invader and resident have
variable availability of private nutrients (panelsI-L), and variable toxin potency
and bothinvader and resident have variable availability of private nutrients
(panels M-P). Toxin investment is varied between values z = O ((panels A, B, 1,J)
and z = 0.5 (panels C, D, K, L), while toxin potency is varied between values

p = O(panelsE,F,M,N) and p = 1((panels G, H, O, P). Similarly, the availability
oftheinvader’s private nutrient is varied between initial values m,= 0 (panels A, C,
E, G) and m,=1(panels B, D, F, H), while the private nutrients of both invader and

resident are varied between initial values m,= m,=0 (panels|, K, M, O)

and m,=m,=1(panels}, L, N, P). Moreover, the initial abundance of the shared
nutrientis always set to a value m=1. After the resident strain, introduced at
initial abundance of N;=0.001, reaches an equilibrium, the invader strainis
introduced at abundance N,=0.001and the resulting dynamics is plotted. Solid
linesindicate the abundance of strains (residentin blue, invader inred), the
dotted red line indicates the abundance of the invader toxin, and the dashed lines
indicate the abundance of nutrients (shared nutrient in grey, private nutrient for
theresidentinblue, private nutrient for theinvaderinred). Baseline parameter
values used for simulating the invasion dynamics from Eq. 3 (Methods):
m=mpg=m=0,=D=d=0,Reg=rg =R =r=1,Cho=cg=C=¢, =
1,s=Lkg=k =1,Kzg =K, =K=10,g=1,p=0.7,z=0.5.
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Extended Data Fig. 4 | Numerical simulations varying invader starting density.
Extension of Fig. 1to variable initial abundance of invaders. Invasion success is
plotted as aresult of varying toxin investment (z), the supplementation of a
private nutrient for an invader (m,) and the initial invader abundance (/,). The first
column shows the case where the invader has not invested in the production of a
toxin and has no private nutrient (panels A,E,I,M; m=0, z=0). The second column
shows the case where the invader has not invested in the production of a toxin but
has an abundant private nutrient (panels B,F,J,N; m=1, z=0). The third column
shows the case where the invader has invested in a toxin but has no private
nutrient (panels C,G,K,0; m=0, z=0.5). The fourth column shows the case where

theinvader and has both invested in a toxin and has an abundant private nutrient
(panelsD,H,L,P; m~=1,2z=0.5). Different rows correspond to different initial
abundances of invaders (/,=0.1,1,10,100), which are indicated in the title of each
panel. Solid lines indicate the abundance of strains (resident in blue, invader in
red), the dotted red line indicates the abundance of the invader toxin, and the
dashed lines indicate the abundance of nutrients (shared nutrientin grey, private
nutrient for theresident in blue, private nutrient for the invaderin red).
Parameter values used for simulating the invasion dynamics from Eq. 3
(Methods): m = mp = 1,6=D=d= 015Rp=rp =R =r=1Cr=cg=C/ =
g=lLs=Lky=k=1Ky=K =K=10,g=1,p=0.7.
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Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-025-02162-w

Extended Data Fig. 5| Numerical simulations of the spatially explicit model.
Extension of Fig. 1to spatially explicit contexts. Numerical simulated spatial
profiles of Eq. S27 are shown in different rows at specified timepoints (¢=0, 75,
150, 250). Different panels correspond to the invader that has notinvested in the
production of atoxin and has no private nutrient (panel A; m=0, z=0), has not
invested in the production of a toxin but has an abundant private nutrient (panel
B; m~=1,z=0), has invested in a toxin but has no private nutrient (panel C; m;=0,
z=0.5), and has both invested in a toxin and has an abundant private nutrient
(panel D; m=1,2=0.5). Solid lines indicate the abundance of strains (resident in

blue, invader inred), the dotted red line indicates the abundance of the

invader toxin, and the dashed lines indicate the abundance of nutrients

(shared nutrientin grey, private nutrient for the resident in blue, private nutrient
for theinvader inred). In panel B, the lines corresponding to residents and
invaders are on top of each other, which is indicated by the word “co-exist.”
Parameter values used for simulating the invasion dynamics from Eq. S27:
m=mp=1,6=D=d=015Rg=rR=R=r=LCGi=cg=C=¢=1s=
Lkp=k =1,Kr =K;=K=10,g8 =1,p = 0.7, Mpg = My; = 0.0001, M, =

M,y = Myg = 0.01,M, = 0.001.
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Extended Data Fig. 6 | Strain displacement dynamics in the absence of
supplemented sorbitol, and population dynamics in the presence of sorbitol
when theinvader has colicin K, related to Fig. 2. A-H) Ecological invasion
experiments using the scheme in Fig. 2a but without 4% sorbitol. Media is
inoculated with either wild-type (WT) E. coli or anisogenic AsrlAEB mutant (all
resident strains kanamycin resistant; blue) that cannot use sorbitol. 8h later,
aWT E. coliwith or without colicin E2 or Kisinoculated (all invader strains
chloramphenicol resistant; red). Populations are enumerated using selective
plating. Lines connect medians, dotted lines indicate detection limits from
selective plating. A-B) The invader strain does not contain a toxin (E. coli WT;
hollow red circles; N=9 biological replicates from independent experiments).
C-D) Theinvader has colicin E2 (V=5 biological replicates from independent
experiments). E-F) The invader has colicin K (V=5 biological replicates from
independent experiments). The residentis WT E. coli (hollow blue circles) in

o Resident (WT)
o Invader (WT)

o Resident (AsrlAEB)
@ Invader (WT with colicin E2 or K)

panel A, C, Eand anisogenic AsrlAEB mutant (grey-filled blue circles) that cannot
use sorbitol in panel B, D, F. G-H) Same experiment as panel A-F, but only the
endpoint values at 72h are plotted for both the invader (panel G) and the resident
(panel H). See above for sample sizes. Two-tailed Mann-Whitney U tests are used
to compare population sizes when the invader does not use a toxin to when the
invader uses either colicin E2 or colicin K. Black lines indicate medians, dotted
lines indicate the detection limits of selective plating. I-J) Ecological invasion
experiments using the scheme in Fig. 2a. Mediaisinoculated with either wild-type
(WT) E. coli (panel I; hollow blue circles) or anisogenic AsrlAEB mutant (panel

J; blue circles with grey fill; all resident strains kanamycin resistant) that cannot
use sorbitol. 8hlater,a WT E. coli with colicin K is inoculated (chloramphenicol
resistant; red circles with black fill). Populations are enumerated using selective
plating. Lines connect medians, dotted lines indicate detection limits from
selective plating.
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presence or absence of a15-species community. A-D) invasions when E. coli 0018
istheresidentand E. colilAllis the invader. E-H) invasions when E. coli 0960 is
theresident and £. coli Z1269 is the invader. I-L) invasions when E. coli 0268 is

Fig. 4b-c.Lines connect medians, dotted lines indicate detection limits from
selective plating. N=4-6 biological replicates from independent experiments
for each competition. For each AMRE. coliisolate, the identified bestinvader
(from Fig.3b) is tested for its ability to displace the AMR E. coli resident when it

theresident and £. coli Z1269 is the invader. A-B, E-F, I-J) Two focal E. coli strains
compete in the absence of a diverse community. C-D, G-H, K-L) Competitions
between focal E. coli are embedded within a diverse community of 15 species (see
Table S1for strains).
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A) All 95 individual carbon sources tested in the Biolog AN MicroPlates are listed
along the x-axis. Each of the 15 symbiont strains were previously tested”; see
Table S1for full species and strain names. In addition, the five E. coliisolated from
healthy humans and three AMRE. coliisolates are tested. Nutrients shaded in blue
were defined as being able to use the indicated nutrient whereas those in white
were defined as not able to use the nutrient (see methods). Data used to apply
thresholding on Abss,, measurements to define nutrient utilization capabilities
comes from the median of three independent biological replicates for each
strain. B-C) Effect of communities on invasion of the invader and displacement

of theresident if the invader does not have a toxin. The same communities used
inFig. 4e-fare used for this control experiment (scheme Fig. 4a), but now the
invader E. coli 71269 does not produce colicin E2. The effects on invasion and
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displacement of 5 communities with the highest (H; hollow red circles) and
lowest (L; filled red circles) overlap to the invader at diversity levels of both three
and five species in addition to the focal £. coli strains were tested (communities
identified in Fig. 4d). For each of the 5 communities in each group, N=3 biological
replicates from independent experiments are shown and grey lines connect

the highest and lowest point of the three replicates. Dotted lines indicate the
detection limits from selective plating. The endpoint (72h) abundance of the
invader E. coli Z1269 is plotted in panel A and the endpoint abundance of the
resident £. coli 0960 is plotted in panel B. Two-tailed Mann-Whitney U tests are
used to compare the endpoint of the invader in communities with the highest

or lowest predicted carbon-source overlap in panel A and the endpoint of the
resident in panel B. In all cases, the median value of the three replicates for each
community is used. This means that Mann-Whitney U tests use community
medians for the comparisons (V=5 communities for each).
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Extended Data Fig. 10 | Population dynamics of sorbitol supplementation
experiments in diverse communities in Fig. 4g-h, plus additional controls.
Nutrient supplementation community invasion experiments according to the
schemeinFig. 4a. Lines connect medians, dotted lines indicate the detection
limits from selective plating. N=3-4 biological replicates from independent
experiments for each competition. A-D) £. coli IAIL WT is used as the invader (red
filled circles). E-H) E. coli1Al1 with colicin E2 is used as the invader (red circles with
blackfill). A,E) The AMR isolate . coli 0018 is the resident (blue filled circles),
sorbitol is not added to the media, and there are no additional symbiont strains

inthe competition. B,F) The AMR isolate E. coli 0018 AsrlAEB s the resident

(blue hollow circles), sorbitol is not added to the media, and the competition is
embedded in acommunity of 9 species that cannot use sorbitol (+9sp., see

Table S1for strains used; inability to use sorbitol defined in Extended Data Fig. 9A).
C,G) Sorbitol is supplemented to the media (1% sorbitol), but otherwise the
experimental set-up is the same as in panel B,F. D,H) The AMR isolate E. coli 0018
WTis theresident, sorbitolis added to the media (1%), and the competition is
embedded inacommunity of 9 species that cannot use sorbitol.
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