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Abstract

Despite abundant literature on pathogenicity and virulence of the opportunistic pathogen Escherichia coli, much less is known about its
ecological and evolutionary dynamics as a commensal. Based on two detailed longitudinal datasets on the gut microbiota of healthy
adults followed for months to years in France and the USA, we identified a robust trade-off between the ability to establish in a new host
(colonization) and to remain in the host (residence). Major E. coli lineages (phylogroups or subgroups) exhibited similar fitness but diverse
strategies, from strong colonisers residing few days in the gut to poor colonisers residing for years. Strains with the largest number of
extra-intestinal virulence associated genes and highest pathogenicity also resided for longest in hosts. Furthermore, the residence of
a strain was more strongly reduced when it competed with other strains from the same phylogroup than from another phylogroup,
suggesting niche differentiation between phylogroups. Based on a discrete-state Markov model developed to describe E. coli dynamics
in a host population, we found that the trade-off and niche differentiation acted together as equalizing and stabilizing mechanisms
allowing phylogroups to coexist over long periods of time. Our model also predicted that external disturbances may disproportionately
affect resident strains, such as the extraintestinal pathogenic ones of subgroup B2.3. Our results call for further studies outside high-
income countries, where the prevalence of this phylogroup is much lower. More generally, the trade-off between colonization and
persistence could play a role in the diversification of other bacterial species of the microbiome.
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Introduction and non-specific host immune responses can generate host

Understanding how bacteria diversify under the combined action differences allowing coexistence among Streptococcus pneumoniae

of mutation and recombination is a long-standing issue in micro-
biology and evolutionary biology [1, 2]. Multiple mechanisms
have been proposed to explain the observed diversity and the
coexistence of bacterial strains that may exhibit fitness differ-
ences. Trade-offs between life-history traits can enable species
to diversify into distinct strategies [3, 4]. Differentiation between
ecological niches among bacteria can also favour diversity by
allowing distinct strains to exploit the heterogeneity between
hosts [5, 6]. For instance, the combination of a serotype-specific

serotypes [7]. Other mechanisms not involving selection, such as
a recombination rate negatively correlated with genetic distance,
can lead to genetically distinct groups as well [1, 8].

The question of coexistence is especially critical for species
such as E. coli, which is not only a commensal bacteria of the
human gut [9], but also an opportunistic pathogen. E. coli is
responsible for various forms of diarrhoea [10, 11] and extrain-
testinal infections, including urinary tract [12, 13] and blood-
stream infections (BSI) [14, 15], causing around one million deaths
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worldwide each year [16-18]. The species is highly diverse and
displays a self-similar genetic structure at several phylogenetic
levels [19, 20], including that of the “phylogroups” [21, 22], which
are largely monophyletic lineages [9, 20, 23] that differ in their
virulence and antibiotic resistance profiles [24, 25]. Commensal
and extraintestinal pathogenic E. coli are not strictly phylogenet-
ically separated [26] and the transition to infection is the result
of complex and hardly predictable interactions between several
genetic, host, and environmental factors [27]. Infections remain
very rare events among the species, so that genes associated with
pathogenicity (the probability to cause an infection) and virulence
(the severity of infection) may evolve mainly as a result of their
role in commensalism [28, 29]. Characterizing the dynamics of
commensal E. coli, as well as their association with pathogenicity
and virulence, is essential for understanding how the phyloge-
netic structure of E. coli emerged and for predicting the future
evolution of the species.

Understanding E. coli diversity requires precise characterization
of the life-history traits of E. coli, which define the epidemiological
dynamics in the human population—the rates at which strains
colonize new hosts are cleared from them. These dynamics can
be quantified through longitudinal follow-up of E. coli in healthy
subjects, which unfortunately remains rare. Studies rather focus
on diseased individuals [30, 31], e.g. to assess the impact of
antibiotic use on the microbiota [32, 33]. The initial colonization
of infants during their first months of life has been studied [34-
37], but longitudinal studies on healthy adults include a limited
number of subjects [38-42].

The scarcity of longitudinal studies on healthy individuals
can be explained by the complexity of their implementation. In
addition to the need for a large number of subjects and of samples
by subject, a single host can harbour several strains at the same
time [43], multiplying the amount of work required to characterize
each sample. In this study, we resolved this problem by using
two complementary and very detailed longitudinal datasets to
characterize the dynamics of E. coli in healthy adults of high-
income countries. The first one, analysed in a previous study
[44], includes eight subjects followed over months to years in the
USA with an extremely thorough characterization of the different
clones present at the same time in each host. The second dataset,
original to this study, includes 46 subjects followed over four
to five months in France. Based on these datasets, we aimed
to (i) quantitatively characterize the life-history traits of E. coli
phylogroups, (i) correlate these commensal traits with those
associated with pathogenicity and virulence in the species, and
(iii) derive the consequences of our results for the epidemiological
dynamics and potential coexistence of these phylogroups.

Materials and methods
Longitudinal datasets

We used two longitudinal datasets collected from adults living in
high-income countries to perform the survival analyses. The first
one, referred to as the French dataset, was original to this study.
See the Supplementary material for further details about the
data collection and a graphical representation of the longitudinal
data (Fig. S11). This dataset included 415 clones collected from
46 healthy subjects in the Paris area over the course of 10 sam-
ples approximately every 2 weeks (14.9 days on average between
samples, SD=4.9 days), over periods of 111 to 135 days in 2021
and 2022. The clones were distinguished using multilocus variable
number tandem repeat analysis (MLVA) [45]. Each clone was
assigned to a phylogroup or a subgroup, based on the Clermont

quadruplex PCR [22], followed by allele-specific PCR to identify
phylogroups C [22], E [19, 22], and G [46] (Table 1). We considered
phylogroups A (separated into subgroups A.1 and A.2), B1, B2 (sep-
arated into subgroups B2.1, B2.2, and B2.3), C, D (separated into
subgroups D.1and D.2), E, F, and G. Subgroups of phylogroups E and
G were not considered, because of their rarity in the dataset. We
considered these subgroups, which are phylogenetically consis-
tent groups (Fig. S8) encompassing specific sets of sequence type
complexes (STc),in order to stay consistent with the classification
usedin the USA dataset (see below), to increase the discriminatory
power of the subsequent data analyses performed, and because
of their epidemiological relevance. For example, the main STc
responsible for BSIin phylogroups A (STc10) and D (STc69) [47] are
respectively the main representatives of subgroups A.2 and D.1,
and the STc in subgroup B2.1 (STc12 and STc28) are specifically
uropathogenic [27].

The second dataset, referred to as the USA dataset, was anal-
ysed in a previous study [44]. See the Supplementary material
for a graphical representation of the longitudinal data (Fig. S10).
This dataset included 117 clones collected from eight healthy
subjects over periods ranging from 245 to 849 days (11.7 days on
average between two samples, SD=11.1 days). The clones were
distinguished using GTGS5 repetitive element amplification [48].
Clone were assigned to phylogroups or subgroups following the
same method as for the French dataset and corresponding to the
groups used in the original study [44]. We considered phylogroup
A (separated into subgroups A.1 and A.2), B1, B2 (separated into
subgroups B2.1, B2.2, and B2.3), C, D, E, and F. Phylogroups C and
G did not appear in this dataset, respectively because a single
clone of phylogroup C was recorded and was discarded, and
because phylogroup G was not defined separately in the original
study.

To assess whether our conclusions hold for colonization
dynamics in infants, we considered a third dataset analysed in
a previous study [36] and referred to as the infant dataset. See
the Supplementary material for details about this dataset and
the analyses performed and a graphical representation of the
longitudinal data (Fig. S12). This dataset included 273 clones
collected from 130 infants in Sweden at fixed times since birth
(after 3 days, 1, 2, and 4 weeks, 2, 6, and 12 months). The clones
were assigned to one of the four following phylogroups using the
triplex Clermont PCR [21]: A, B1, B2, and D. For simplicity, all the
phylogroups and subgroups considered in the different datasets
are all referred to as “phylogroups” in the following.

Survival analyses

We used the software R [49] and the package survival [50] to
perform survival analyses on the French and USA datasets
(Fig. 1). We used parametric accelerated failure time (AFT) models,
which described the relationship between the time to an event—
colonization or clearance—and a set of explanatory factors [51].
This type of model takes into account interval-censored data,
i.e. the fact that colonization or clearance can occur between
two samples. We counted the residence time of a clone (time
to clearance) starting from its first appearance in the host. We
counted the time to colonization from the first appearance of
the last preceding colonizing clone. For clarity, the results are
presented in terms of the colonization rate, defined as the inverse
of this time to colonization. We performed one analysis per
dataset (French or USA) and per response variable (colonization
rate or residence time). We excluded left-censored data, but
included right-censored data (clones still present in the last
sample of the host) for the AFT models of residence time.
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Table 1. Delineation of the subgroups of phylogroups based on the Clermont quadruplex profile, representing the presence (+) or
absence (—) of arpA, chuA, yiaA, and TspE4.C2, with the main sequence type complexes (STc) included in each of them, based on data
from human commensal and pathogenic strains. Subgroups within phylogroup E and G were not considered separately, given the low

number of clones from these phylogroups in the datasets considered.

Phylogenetic group Clermont profile Subgroup Main STc

A +—--- Al STc46, STc93, STc399
A +—-+ - A2 STc10

B1 +—--+ BA STc58, STc29

B2 -+ + - B2.1 STc12, STc28

B2 -+-+ B2.2 STc569

B2 -4+ 4+ B2.3 STc131, STc73, STc95, STc127
C +-+- C STc88

D ++—- D1 STc69

D ++-+ D.2 STc38, STc405

E ++—- E1l STc11, STc543

E ++—-+ E2 STc57

E +++ - E3 STc219

F -+ —- F STc59, STc62, STc648
G -+ G.1 STcl117

G -+—-+ G.2 STcl74
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Figure 1. Schematic representation of the analyses performed in this study, in three steps: (1) survival analyses based on the longitudinal datasets to
identify the factors affecting the residence time and colonization rate of the clones, (2) correlations at the phylogroup level of the residence time with
colonization rate (both estimated from the survival analyses), pathogenicity (estimated from the additional dataset), the number of VAGs, and the
number of ARGs (estimated from the commensals of the additional dataset), and (3) the discrete-state Markov model describing epidemiological
dynamics of E. coli based on colonization and clearance rates parametrized with the survival analyses.

Even though we assumed that residence time was impacted
by within-host dynamics alone, we considered colonization to be
the result of inter-host transmission. Therefore, the colonization
rate of a phylogroup is affected by its frequency in the host
population as a whole. To account for this, we corrected the
times to colonization by the frequencies of phylogroups in their
respective countries, based on external data (see Supplementary
material). We then performed the survival analyses using these
corrected data.

We considered how colonization and clearance depended
on two qualitative factors—the host and the phylogroup of

the focal clone—as well as the following quantitative factors:
the total cell density of E. coli (in CFU/g), the number of
clones inhabiting the host (other than the focal clone), and the
number of other clones of the same phylogroup (other than
the focal clone). We also considered the cell density of the
clone considered for the AFT models of residence time in the
USA dataset only. This information was not available for the
French dataset owing to the smaller number of colonies typed
per time-point. Because of the wide variations in cell densities
observed between samples, we used their logjo-transformed
values.
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We performed model selection based on Akaike’s information
criterion (AIC, [52]) to identify the AFT model best explaining the
residence times and times to colonization in the French and USA
datasets. See the Supplementary material for details about the
model selection. In each case, we considered the models including
any combinations of the explanatory factors presented above,
with the time to the event following one of the three following
distributions: exponential, Weibull, and log-logistic. We ranked
these models based on their AAIC, i.e. the difference between their
own AIC and the smallest one, and kept all models with AAIC
<2. We selected the most parsimonious model from this subset,
unless a likelihood ratio test indicated that a more complex one
from this subset explained the data significantly better. When
discriminating between models with different distributions for
the time to the event, we considered the exponential distribution
to be the most parsimonious, as it assumed a constant hazard
over time.

For both the French and USA datasets, we computed the esti-
mate and standard error of median residence time and coloniza-
tion rate of each phylogroup according to the AFT models. We
defined the median colonization rate as the inverse of the esti-
mated median time to colonization. To obtain estimates of typical
colonization rates and residence times for each phylogroup, we
computed these estimates for an average host based on those
included in the dataset and for the average values of all the
quantitative explanatory factors included in the model. These
estimates were used to compute the Spearman’s correlation coef-
ficient between colonization rate and residence time. We used the
associated standard errors of parameter estimates to generate
confidence intervals by parametric bootstrapping. We randomly
sampled these distributions to generate one million sets, includ-
ing each one residence time and one colonization rate per phy-
logroup. We computed the Spearman’s correlation coefficient for
each set, thus generating a distribution of the correlation between
residence and colonization. We considered a correlation to be
significant if 95% of the distribution of Spearman’s coefficients
across bootstraps was different from zero.

Association of residence time with pathogenicity,
and the number of virulence-associated genes

We used an additional dataset, analysed in a previous study [53],
to estimate the number of virulence-associated genes (VAG) and
of antibiotic resistance genes (ARG) of each phylogroup, as well
as their pathogenicity (Fig. 1). It included 361 commensal and
746 pathogenic clones of E. coli (causing BSI), collected between
2000 and 2017 in Paris and the North of France. These clones
were assigned to the same phylogroups or subgroups as the ones
described in the French dataset. These data also included the
pathogenic status of each clone (1 for pathogenic, 0 for com-
mensal), as well as the number of ARGs (out of a list of 40)
and VAGs (out of a list of 368) carried by the commensal clones.
Among VAGs, some were specifically associated with one of the
following type of virulence factors classically associated with
pathogenic E. coli [54-56]: toxins (149 genes), adhesin (115 genes),
iron acquisition systems (50 genes), and protectins (10 genes).
Information on the carriage of resistance and virulence genes was
readily available, following the analysis of genomic sequences of
the commensals described in the original study [53]. The “toxin”
category included genes involved in bacterial warfare, as well as
in targeting human cells. To also assess the carriage of genes
linked to interference competition, we created a sub-category
of VAGs linked to toxins annotated as microcins, colicins, or as
type IV or VI secretion systems, which are involved in bacterial

warfare [57] (16 genes). We estimated the pathogenicity of each
phylogroup based on this additional dataset, using a binomial
regression with the pathogenic status as a response variable
and the phylogroup as the explanatory factor. We used the odds
ratio for the association between infection and phylogroup, as
estimated from this statistical model, as a proxy for pathogenicity.
We also estimated the number of genes (ARGs, total VAGs, and
VAGs of each type) carried by the strains of each phylogroup on
average, using a binomial regression. In each case, we considered
the proportion of genes carried relative to the total number of
genes listed as the response variable and the phylogroup as the
explanatory factor. We computed the estimated average number
of genes carried by each phylogroup by multiplying the propor-
tion estimated with the model times the total number of genes
listed. This estimate was simply equal to the average number of
genes observed among the strains of the phylogroup, but using
a binomial regression also provided a standard error on these
estimates.

As for residence and colonization (see above), the values and
standard errors of pathogenicity and the numbers of ARGs or
VAGs carried for each phylogroup defined the distributions of
these estimates. We used these distributions to generate con-
fidence intervals by parametric bootstrapping. We sampled the
distributions to generate one million set of each response vari-
able (pathogenicity, number of ARGs, total number of VAGs, and
number of VAGs associated with each type of factor) for each
phylogroup. We computed a Spearman’s correlation coefficients
between each of these variables and the sets of residence times
generated earlier (see above). We considered a correlation to be
significant if 95% of the distribution of Spearman’s coefficients
was different from zero. Unlike the comparison between resi-
dence time and colonization rates explained above, the pairs
of characteristics considered (residence time versus pathogenic-
ity or virulence) come from datasets including different strains.
Although both datasets involve commensal strains of E. coli (when
considering the number of ARGs or VAGs) sampled in high-income
countries (the same country in the case of the French dataset),
these comparisons therefore only provide information at the phy-
logroup level.

Description of the model of E. coli dynamics

We developed a continuous time, discrete-state Markov chain
model describing the dynamics of E. coli clones in a host popu-
lation, integrating findings on colonization rates and residence
times (Fig. 1). In this model, each host can contain between 0
and N clones, each belonging to one of G possible phylogroups.
The discrete states of the model are therefore host compositions
in E. coli clones, which are expressed as unordered multisets of
the phylogroups of the clones contained. Hosts can be in one of
M= (GEN ) states, which are numbered as follows:

S1=9
Sy = {1}
S3 ={2}
Se+1=1{1,1}
Sc+2 =1{1,2}
xN
—_—
Su=1{G,---,G}
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Hence, state S; corresponds to a host with no clone, S, to a host
with a clone of phylogroup 1, S¢42 to a host with two clones of
phylogroup 1, Sy to a host with N clones of phylogroup G. The
variables of the model are the set of probabilities P;(t) that a host
isin state S; at time t.

The transitions between states are defined by the matrix T
of size M x M, whose elements, noted z;j(t) > 0 for the transition
between state i and state j, are driven by the clearance and
colonization of clones, respectively happening at rates ug», and
Aen(t) for clones of phylogroup k:

Henn, = 1/eak+b(ﬂ*1)+bs(m*1)
TN

Men (1) = Fy(0) /e (1)

These functional forms are informed by results from the anal-
ysis of the epidemiological data presented above (see Results).
Clearance is affected by three parameters: a, is a phylogroup
effect, b represents the impact of the number of other clones in
the host (n - 1), and bs represents the impact of the number of
other clones of the same phylogroup (n; - 1). Negative values of b
and bs respectively correspond to faster clearance as more clones
are present in the host, and to faster clearance as more clones of
the same phylogroup are present. Colonization is affected by the
frequency of phylogroup k in the host population Fi(t) and two
parameters: ¢ is a phylogroup effect and d represents the impact
of the number of other clones in the host (n - 1). Negative values
of d correspond to faster colonization as more clones are present.
The frequency of the phylogroup Fy(t) is defined as:

ifli=1

ifli>1 @)

< 0
Fe(t) = D VirPi(h), Vi = [m-k/l»

i=1

with m;j the number of clones of phylogroup k in state i and [; the
total number of clones in state i. Hence, V;j corresponds to the
proportion of clones of phylogroup k shed by a host in state i.

The transition matrix Ty is sparse, as the transition rates t;(t)
are positive only if a single colonization or clearance event is
needed to reach state j from state i. The rows of T¢ sum to O,
as the diagonal element 7;;(t) = —Zj#irl- (. We computed the
matrix exponential A; = eTt using the package expm [58] to get the
transition probabilities between states accounting for potential
multiple transitions over a single time-step.

We used this model to investigate the possible coexistence
of several bacterial phylogroups in a host population and the
impact of public health measures altering the colonization and
clearance rates on the hierarchy of phylogroups. We quantified
coexistence with two measures. Within-host coexistence EW € [0,
1] corresponds to the proportions of hosts carrying clones of at
least two phylogroups. Inter-host coexistence E* € [0, In(G)] is a
Shannon index on the relative frequencies of the phylogroup in
the host population:

1 o h n FL()
B == ffon(fo) fo= 3

G
k=1 S Fro

We simulated variations in state probabilities in discrete time
with a time-step of a day, by updating the elements of the tran-
sition matrix Tt using the phylogroup frequencies of the previous
day Fe(t - 1). In contrast to clearance rates, colonization rates
were not constant over the course of the simulation because they
depended on the frequency of each phylogroup in the population.
We stopped the simulation when a steady state was reached, i.e.

for t* such that ZL IP; (t*) — P; (t* — 1)| < 10~'2. We considered
this steady state as the asymptotic state of our system, with the
asymptotic probability of state S; noted P;*. We could then also
compute the asymptotic within-host coexistence E¥* and inter-
host coexistence E* at this steady state.

We considered a simple case of two phylogroups i and j, char-
acterized by an average colonization-to-clearance ratio R;; =
(Ri +Rj) /2 and a ratio difference D;; = R-R;. We simulated our
model with a time-step of one day until a stationary state was
reached (precisely, at time t* such that ZL [P (t*) — P (t* = 1)| <
1071,

Results
Determinants of residence time

For both adult datasets, AFT models showed differences in clone
residence times according to host and phylogroup (see Table S2 for
the French dataset and Table S4 for the USA dataset). They also
provided support for greater niche overlap between clones of the
same phylogroup than between those of different phylogroups.
Indeed, the residence time of a clone was significantly reduced
by the presence of other clones in the host, and even more so
if these clones were of the same phylogroup (Table 2). According
to the analysis of the French dataset, the residence time was
divided by 1.45 (95%CI=[1.219,1.717]) for each additional clone
of a different phylogroup, and by 2.09 (95%CI=[1.594,2.751]) for
each additional clone of the same phylogroup. According to the
analysis of the USA dataset, the residence time was divided by
1.68 (95%CI=[1.266,2.358]) for each additional clone of different
phylogroup, and by 5.09 (95%CI=[1.800,14.423]) for each addi-
tional clone of the same phylogroup. The stronger competition
between strains of the same vs. distinct phylogroups suggests
niche differentiation between phylogroups in the human gut. The
analysis of the USA dataset also showed that the cell density of a
clone increased its residence time (Table 2), which was multiplied
by 1.32 (95%CI=[1.002,1.499]) when the clone density was multi-
plied by 10. Neither of the two AFT models selected based on AIC
included total cell density as an explanatory factor.

To confirm the robustness of these results to the statisti-
cal method used, we performed additional analyses using semi-
parametric Cox models with the same explanatory factors as
those used for the AFT models, which yielded consistent results
(see Supplementary material).

Determinants of colonization rate

AFT models showed differences in colonization rates according to
host and phylogroup for both datasets (see Table S7 for the French
dataset and Table S9 for the USA dataset). The two models also
showed that the colonization rate was increased by the presence
of other clones in the host (Table 2). The colonization rate was
predicted to be multiplied by 1.76 (95%CI=[1.562, 1.970]) for each
additional clone already present in the host according to the
analysis of the French dataset, and by 2.89 (95%CI =[2.342, 3.589))
for each additional clone already present in the host according
to the analysis of the USA dataset. However, the impact of other
clones already residing in the host on the colonization rate was
phylogroup-independent. Indeed, neither of the two AFT models
selected based on AIC included the number of clones of the same
phylogroup. They also did not select cell density in the host as an
explanatory factor.

To confirm the robustness of the results to the statisti-
cal method used, we performed additional analyses using
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Table 2. Z scores and P values of the coefficients corresponding to the continuous explanatory variables in the AFT models of residence
and colonization selected for the analyses of the French and USA datasets. Positive value of Z score indicate longer residence
times/lower colonization rates as the factor increases. See Supplementary material for the tables including qualitative factors, i.e. host

and phylogroup.
Dataset Response variable Explanatory factor Z score P value
French Residence time Total number of clones —4.218 <0001
USA Residence time Total number of clones —3.444 <0001
French Residence time Number of clones of the same phylogroup —2.654 0.008
USA Residence time Number of clones of the same phylogroup —2.135 0.033
USA Residence time Logyo of cell density 1.983 0.047
French Colonization rate Total number of clones —9.493 <0001
USA Colonization rate Total number of clones —9.775 <0001
semi-parametric Cox models with the same explanatory factors 10004 A A1 o Bl eB22 e C D2 e F
as those used for the AFT models, confirming the results of the ®*A2 ~ B21eB23 D1 ¢E G
AFT models (see Supplementary material).
300
Trade-off between colonization and residence
To investigate the relationship between residence and coloniza- % 100 —
tion at the phylogroup level, we computed the estimates and =
. . . . . (0]
standard errors of colonization rate and residence time predicted = —
by the AFT models for each phylogroup (Fig. 2) and quantified the § 307 .
association between them. The two life-history traits were nega- g e—y—
tively associated across phylogroups, both in France (Spearman’s g 104
p=—0.615, parametric bootstrapping 95%CI=[-0.769, —0.238], P &
value=0.002) and in the USA (Spearman’s p=—0.783, paramet- 3
= 34 . I

ric bootstrapping 95%CI=[-0.917, —0.599], P value <0.001). This
suggested a negative trade-off between the colonization and res-
idence abilities of phylogroups. In other words, phylogroups were
distributed along an axis ranging from those with a fast turnover
(strong colonizers with short residence times) to those with a
slow turnover (poor colonizers with long residence times). The
arrangement of phylogroups along this trade-off was broadly
conserved in France and the USA, with slow-turnover phylogroups
including B2.3, D, and F; intermediate phylogroups including A.2
and B1, and fast-turnover phylogroups including B2.1 (and B2.2 in
the USA only, G in France only).

To further assess the robustness of the negative trade-off, we
also analysed colonization using colonization rates corrected by
the frequencies of phylogroup in the datasets themselves rather
than external data (see Supplementary material). Using estimates
from these models, we found similar negative correlations with
the residence time, both in the French dataset (Spearman'’s
p=—0.769, parametric bootstrapping 95%CI=[-0.832, —0.336], P
value <0.001) and in the USA dataset (Spearman’s p=-0.733,
parametric bootstrapping 95%CI=[-0.900, —0.583], P value
<0.001).

We investigated whether the trade-off we identified in adults
was also observed during the initial gut colonization of infants
(see Supplementary material). We analysed an additional longi-
tudinal dataset including infants sampled over a year after birth,
analysed in a previous study [36]. The trade-off was also evident
in this specific context.

Correlation between residence, pathogenicity,
and VAG

The trade-off between colonization and residence has implica-
tions for the evolution of bacterial virulence, as the residents are
also the most pathogenic bacteria and tend to carry more VAGs
[55, 56]. The estimated pathogenicity of phylogroups, based on
our additional dataset, was positively correlated with residence
time for both datasets (French dataset: Spearman’s p=0.518,

T T T T T T
3e-03 1e-02 3e-02 1e-01 3e-01 1e+00

B A1l Bl eB22 D oF
e A2 - B21 eB23 ¢ E

3000
1000 }
300
—

100

Median residence time (days)
w

o

|

T T T T T T T T T
1e-04 3e-04 1e-03 3e-03 1e-02 3e-02 1e-01 3e-01 1e+00

Median colonization rate (days ™)

Figure 2. Median residence time as a function of the median
colonization rate for each phylogroup appearing in the French (A) and
the USA (B) datasets, for the average host and average values of the
quantitative explanatory factors in their respective datasets. Estimates
(dots) are represented with their 95% confidence interval (bars).

parametric bootstrapping 95%CI=[0.105, 0.741], P value =0.013;
USA dataset: Spearman’s p =0.745, parametric bootstrapping
95%CI=[0.217, 0.833], P value=0.004) (Fig.3A, 3B). The total
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number of VAGs carried was also variable between phylogroups
(Kruskal-Wallis x24r-11=184.29, P value <0.001) and was posi-
tively correlated with residence for the French data (Spearman’s
p=0.273, parametric bootstrapping 95%CI=[0.049,0.531], P
value=0.022) (Fig. 3C). The USA data suggested the same trend
(Spearman’s p =0.383, parametric bootstrapping 95%CI=[-0.017,
0.533], P value =0.053). Differences were observed in the strength
of the correlation when considering genes associated with specific
functions: those linked with protectins were the most strongly
correlated with residence, but those linked with toxins were
not, overall or only considering those linked to bacterial warfare.
Genes involved in iron acquisition (P value=0.047) and adhesins
(P value =0.018) were significantly correlated with residence time,
for the French and USA datasets respectively. However, we did
not find any evidence of correlation between residence time
and the number of antibiotic-resistance genes (ARG) carried
(Fig. S9), in either the French (P value =0.350) or the USA dataset
(P value=0.865).

Model of bacterial epidemiological dynamics

Following data analysis, we derived the implications of our results
for the epidemiological and evolutionary dynamics of E. coli. We
developed a model describing the dynamics of bacterial clones
in a host population, informed by the epidemiological data. In
this model, the clearance rate puyny,, of a clone of phylogroup k
(see Eqg. 1) depend on a phylogroup factor ai, the number of other
clones in the host (n - 1) with a factor b and the number of other
clones of the same phylogroup k in the host (n; - 1) by a factor bs.
The colonization rate Agn(t) (see Eq. 1) depends on a phylogroup
factor ¢, the number of clones in the host (n) with a factor d and
the frequency of the phylogroup in the host population F(t).

Based on Eq. 1, each phylogroup is characterized by an intrinsic
colonization-to-clearance ratio R, = e®*~% which is also the basic
reproduction number. Indeed, when a single clone of phylogroup k
isintroducedin a large population of H empty hosts, the frequency
of this clone is Fy(t) = 1/H, the number of hosts to colonize is
approximately H and the expected residence time of the clone is
1/pr11. Thus, the expected number of hosts colonized after this
single introduction is:

q (1/H) e—(cﬁoxd)
Mk,1,1 T o= (ak+0xbs+0xbo)

Hkk’o(t) X =% = Ry (4)

In spite of the complexity of the model, which enables arbitrary
multiplicity of colonization and thus a very large number of
possible colonization states, simple mathematical results can be
derived in some conditions (see Supplementary material). When
there is no niche differentiation, that is the intensity of com-
petition within the host is the same irrespective of phylogroup
identity of the clones (bs- 0), the colonization-to-clearance ratio
predicts when a phylogroup can invade a resident population
at equilibrium. In other words, commensal bacteria evolve to
maximize their colonization-to-clearance ratio R, and the dif-
ferences in this ratio define a “hierarchy” between phylogroups.
The negative trade-off we found in data implied that several
phylogroups had similar colonization-to-clearance ratios Ry but
different strategies, from fast turnover (high values of a; and c)
to slow turnover (low values of a, and c).

We explored with our mathematical model how the hier-
archy between phylogroups is affected by non-phylogroup-
specific environmental change or public hygiene measure (see
Supplementary material). The hierarchy is not affected by a

“multiplicative” change, multiplying the colonization or clearance
rate by a constant factor. In contrast, a new, independent
source of clearance can alter the hierarchy of phylogroups
by disproportionately affecting the phylogroups with a slower
turnover. These changes in hierarchy can translate into variations
in phylogroup frequencies. For instance, a progressive increase in
external rate of clearance eventually leads to the dominance of a
fast-turnover over a slow-turnover phylogroup (Fig. 4).

Conditions for coexistence of multiple
phylogroups

We assessed the conditions in which our model enables coexis-
tence between two phylogroups, depending on their respective
colonization-to-clearance ratios. We considered a simple case of
two phylogroups i and j, characterized by an average colonization-
to-clearance ratio RT} = (K +R}~) /2 and a ratio difference D;; =
R; — R;. We simulated our model with a time-step of one day until
a stationary state was reached, and computed the asymptotic
within-host coexistence EW* and inter-host coexistence E* at the
steady state.

These simulations revealed that only structurally unstable
coexistence is possible if there is no niche differentiation (bs=0,
see Eq. 1). This is in line with the mathematical analysis of
the model (Supplementary material). In that case, coexistence is
maintained only if the two phylogroups have exactly the same
colonization-to-clearance ratio (D;; =0). Stable coexistence is pos-
sible when there is additional competition between clones of
the same phylogroup (bs <0). As competition within phylogroups
increases (more negative bs), the range of values of D;; for which
coexistence is stable widens, and within-host coexistence also
declines (Fig. 5A). Indeed, more negative values of bs lead to
higher average clearance rates overall, thus decreasing overall
the number of clones per host and the value of EV*. Inter-host
coexistence was higher as bs was more negative (Fig. 5B).

The simulation results presented here correspond to Rj=2,
b=0,and d=0, and similar results were obtained for other param-
eter values. Higher values of Ry (the average colonization-to-
extinction ratio), more positive values of b (lower clearance rate
as the number of clones in the host increases), and more negative
values of d (higher colonization rate as the number of clones
in the host increases) all resulted in a higher overall number
of clones per host, and therefore wider ranges of D;; for which
coexistence was stable for a given value of bs. Lower values of Ry,
more negative values of b or more positive values of d had the
opposite effect.

Discussion

By analysing longitudinal datasets on E. coli gut colonization
dynamics in healthy adults from high-income countries, we iden-
tified two mechanisms explaining the stable coexistence of E. coli
phylogroups. The first one is the trade-off between the coloniza-
tion and residence abilities at the phylogroup level. Our results
indicate that the “resident” or “transient” nature of E. coli clones,
which has been observed for over 100 years [39, 59], is a property
partly explained by phylogroups and inversely correlated with the
ability to colonize hosts. This trade-off is equalizing sensu Chesson
[60], meaning that it reduces differences in fitness between the
phylogroups. In our model of colonization dynamics with human-
to-human transmission, fitness is mathematically equal to the
colonization-to-clearance ratio Ri. Therefore, the coexistence of
multiple phylogroups in a population at equilibrium implies that
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Figure 3. (A and B) Odds ratio of the association with bloodstream infections (BSI) as a function of median residence time for each phylogroup
appearing in the French (A) and the USA (B) datasets. Estimates (dots) are represented with their 95% confidence interval (bars), with the size of the
dots proportional to the number of samples of a given phylogroup used to estimate the odds ratios of causing BSI. (C) Correlation rate between the
median residence time of each phylogroup estimated for the two datasets and its number of VAGs (total or associated with adhesins, iron acquisition
systems, protectins, toxins, or bacterial warfare). Estimates (dots) are represented with their parametric bootstrap 95% confidence interval (bars).
Correlations whose confidence interval does not include 0 are considered significant.

these phylogroups compensate shorter residence times with a
higher colonization rate (or vice versa) to achieve similar fitness.
Indeed, clones with lower fitness would not rise in frequency,
whereas clones with larger fitness would invade and replace all
other clones. This trade-off was also evidenced in infants followed
during their first year of life, who have much simpler microbiome
[61], suggesting that it may not depend on the presence of other
species.

The second mechanism explaining the stable coexistence of
E. coli phylogroups is niche differentiation, which acts as a sta-
bilizing mechanism that can explain long-term coexistence [60].
In both datasets, residence is shorter when a clone is in a host
together with another clone of the same phylogroup. This indi-
cates stronger competition within phylogroups than between phy-
logroups, which could be explained by a greater overlap of eco-
logical niches between clones that are phylogenetically closer.
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Figure 4. Variation in the frequencies of phylogroups x (purple) and y
(green) over 3000 simulated days of the model with increasing levels of
additive clearance (6), with Ry =3.5,Ry=3,b=0, bs=—0.1, and d=0. Three
time-periods of 1000 days each (separated by dashed lines) are defined:
no additive clearance (6 = 0) for t € [0, 1000[(A), 6 = 0.1 for t € [1000,
2000[(B), and 6 = 0.2 for t € [2000, 3000] (C). Phylogroup x has a slower
turnover than y. The phylogroup hierarchy is reversed for a high enough
value of 6.

Colonization does not exhibit the same dependence to the num-
ber of clones of the same phylogroup. This suggests that niche
overlap only affects clones after the colonization of a new host.
Our analyses also highlighted substantial heterogeneity
between hosts in bacterial dynamics, consistent with the absence
of “core resident microbiome” reported previously [44] using the
USA data. Clone turnover rates varied not only between hosts,
but also over time within the same host. Both clearance and
colonization were more frequent in hosts with a greater number
of different clones. This was particularly apparent in the USA
dataset, in which hosts experienced periods of stability with few
clones, alternating with rapid successions of colonization and
clearance events, during which the number of clones present
temporarily increased. These periods of instability could be
triggered by temporal variations in the suitability of the host
for colonization or residence. They could also be triggered by the
temporary destabilization of the microbial community due to
the colonization of several clones in a short time span. These
explanations are not exclusive and could both contribute to
temporal variability. These transient periods of instability have
also been observed over decades in a single host, with long periods
of residence of clones, mainly of phylogroup B2, interrupted by
rapid successions of clones, mainly of phylogroup B1 or A [42].
Although this study focuses on commensal E. coli, our
results also have implications for the evolution of pathogenicity.
Phylogroups have been shown to exhibit consistent differences
in their virulence profile and virulence-associated gene content
[62, 63], resistance, and pathogenicity [47, 64]. Our results
highlight large phylogroup-level differences in commensal traits
linked to pathogenicity, confirming the relevance of this level of
granularity in E. coli. Previous studies have highlighted phylogroup
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Figure 5. Asymptotic within-host coexistence EW* (A) and inter-host
coexistence E* (B) as a function of the ratio difference Dj and the
strength of clones of the same phylogroup on clearance bs. Vertical lines
correspond to the coefficients characterizing the impact of other clones
of the same phylogroup from the best AFT models for the French (solid)
and USA datasets (dashed). For these simulations, RT} =2,b=0,d=0, EW*

€]0, 1] and E* € 10, In(2)].

B2 in particular, mainly represented in our data by subgroup B2.3
(Fig. S1), as both resident and virulent [29, 65, 66]. We present
a more general positive correlation between the residence time
of a phylogroup, and both its pathogenicity and its number of
VAG. These results are consistent with the hypothesis that the
virulence of E. coli as an opportunistic pathogen results from traits
linked with its residence ability as a commensal [29, 67]. Our
additional analyses focusing on genes associated with specific
functions show that protectins, and to a lesser extent adhesins
and iron acquisition systems, are positively correlated with
residence, whereas the signal was unclear for toxins. Although the
most resident phylogroups were identified as the most likely to
generate extraintestinal infections, better colonizing phylogroups
such as B1, A.1, or E have been associated with pathovars causing
severe and acute diarrhoea [43]. These pathovars may benefit
more from the ability to colonize rather than from the ability to
reside.

Our results might also have implications for the evolution
of E. coli in response to changes in the environment or public

GZ0Z Jaquieoa(] Z0 Uo Jasn uewsazog - ANSIaAIUN 8181S BUBIUO AQ L EEEZ 1 8/6801BIM/L/6 | /a1o1Je/fswsl/woo dno-oiwepese//:sdiy wWoll papeojumod


https://academic.oup.com/ismej/article-lookup/doi/10.1093/ismejo/wraf089#supplementary-data

10 | Morel-Journel et al.

health measures. Multiplicative changes increasing overall clear-
ance rate (or reducing overall transmission) rate by a given factor
are not predicted to alter the fitness hierarchy between phy-
logroups. In contrast, “additive” changes creating new sources of
clearance, such as antibiotics, should favour the best colonizers
at the expense of the residents. This could explain the resilience
of the microbiota in settings with high antibiotic use [68]. Con-
versely, a more stable gut habitat could explain an increase in the
frequency of phylogroup B2, as observed in France [25, 69]. The dis-
proportionate impact of antibiotics on the resident phylogroups
could favour the colonisers, which tend to be less extraintestinal
pathogenic. It could also generate stronger selection for antibiotic
resistance among residents [70]. Yet, we found no link between
residence and the presence of resistance genes in our data 25, 69].
This differs, e.g. from S. pneumoniae, another human commensal
bacteria and opportunistic pathogen, where serotypes carried for
longer are also more antibioresistant [70].

Our study has limitations. We focused on colonization and
clearance rates, which likely result from many underlying mech-
anisms, such as resource uptake, bacterial warfare, or predation
by phages [71]. Moreover, residence as measured in our study
corresponds to the ability of a clone to maintain at densities high
enough to be detected in the dominant flora. The dynamics of
subdominant clones remains unobserved and would be interest-
ing to quantify in further studies. Increasing the number of clones
characterized by sample is expected to improve the completeness
of the diversity observed in the data, but at a cost, for instance
on the number of hosts included. Our results are supported by
congruent analyses on two complementary datasets, focusing
respectively on a large number of hosts (French) or on a large
number of clones characterized per sample (USA). To test whether
sampling a limited number of clones could bias our results or limit
power, we randomly sub-sampled the USA dataset to five clones
per sample (see Supplementary material). Neither the trade-off
nor the niche differentiation was biased by sub-sampling. The
trade-off was still robustly identified, with a consistent negative
correlation between residence and colonization similar to the one
observed with the complete data, whereas the statistical power to
detect niche differentiation was reduced, presumably because of
the reduced diversity in sub-sampled data.

Colonization encompasses all events between the shedding of
a clone by a host and its detection at high enough densities in
another host. In our model, this series of events is encapsulated
in the colonization rate. This is a valid description if the time
spent by bacterial cells in the environment between hosts is
short. In this model, better survival in the environment would
result in a higher colonization rate. However, our model cannot
account for long residence time in the environment or non-
human hosts, which are known to harbour distinct E. coli clones
[72, 73] with dynamics potentially largely independent from the
human hosts. We investigated how transmission of clones from
an external environmental reservoir would affect the outcome
of our model (see Supplementary material). Results show that
an external reservoir could stabilize coexistence by providing a
potential additional source of rare strains in the population.

We chose to characterize the commensal traits of E. coli at the
phylogroup level, which is a coarser-grained level than studies
focusing, for instance, on sequence type complexes (STc) [e.g.
20, 69] or genome-wide association studies [54, 74], that aim at
linking specific genes and bacterial phenotypes. This approach
is consistent with our objective of characterizing and explaining
the maintenance of the diversity of E. coli at the species scale,
and the coarse-grained level of the traits we consider (residence

and colonization), which result themselves from multiple inter-
acting mechanisms. However, we could not examine the existing
within-phylogroup variability with this data, nor investigate the
link between the differences in turnover speed observed and
specific genes or functions. Our analysis of additional data about
pathogenicity and virulence gene carriage unveiled correlations
between VAGs and residence abilities as a commensal hypothe-
sized in previous studies [28], but strictly at the phylogroup level.
Complementary genome-based analyses of our dataset will allow
to confirm this result, to study the mechanisms underlying the
trade-off and the mechanisms underlying niche differentiation.

In conclusion, by analysing longitudinal data on E. coli epidemi-
ological dynamics in healthy adults from two separate datasets,
we discovered general principles structuring the diversity of
this species: major lineages align along a colonization-residence
trade-off equalizing their fitness, and niche differentiation
stabilizes their long-term coexistence. We also discovered a
strong correlation between residence and pathogenicity. Our
results on high-income countries, where the phylogroup with the
slowest turnover B2 is over-represented [43, 75], would be nicely
complemented by longitudinal analyses in other countries with
radically different phylogroup frequencies. Finally, our work also
suggests mechanisms by which the micro-evolutionary dynamics
of E. coli can be altered, and opens perspective for the study
of epidemiological and evolutionary dynamics of other human
commensal bacteria and opportunistic pathogens.
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