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Plasmid-mediated antimicrobial resistance is a major contributor to the
spread of resistance genes within bacterial communities. Successful plasmid
spread depends upon a balance between plasmid fitness effects on the host
and rates of horizontal transmission. While these key parameters are readily
quantified in vitro, the influence of interactions with other microbiome mem-
bers is largely unknown. Here, we investigated the influence of three genera
of lactic acid bacteria (LAB) derived from the chicken gastrointestinal micro-
biome on the spread of an epidemic narrow-range ESBL resistance plasmid,
IncI1 carrying blaCTX-M-1, in mixed cultures of isogenic Escherichia coli strains.
Secreted products of LAB decreased E. coli growth rates in a genus-specific
manner but did not affect plasmid transfer rates. Importantly, we quantified
plasmid transfer rates by controlling for density-dependent mating opportu-
nities. Parametrization of a mathematical model with our in vitro estimates
illustrated that small fitness costs of plasmid carriage may tip the balance
towards plasmid loss under growth conditions in the gastrointestinal tract.
This work shows that microbial interactions can influence plasmid success
and provides an experimental-theoretical framework for further study of
plasmid transfer in a microbiome context.
1. Introduction
Plasmids are primary drivers of the spread and persistence of antimicrobial
resistance genes in human and animal microbiomes [1–4]. Resistance genes
with functions in antibiotic inactivation occur particularly often on plasmids
in clinical settings [5,6], and are commonly transmitted horizontally between
bacterial strains and species via cell–cell contacts in a process called conjugation
[7,8]. Given that resistance genes can transfer from commensal bacteria to
pathogens [2], a quantitative understanding of plasmid transmission is
needed to address unwanted resistance evolution [9].

Plasmid spread depends on both the fitness effects of plasmid carriage and
the rate of plasmid transfer [4,10–13]. Initially, plasmids typically impose a meta-
bolic burden on their bacterial hosts in the absence of positive selection for
plasmid-encoded genes [14], but plasmid maintenance is enhanced by addiction
systems [1] and compensatory adaptations that reduce or ameliorate plasmid
fitness costs [15–17]. Plasmid conjugation itself is also energetically costly [14],
so when conjugation opportunities are limited, adaptation may lead to reduced
conjugation rates [18–20]. In the absence of positive plasmid selection, horizon-
tal transmission can maintain costly plasmids [4,10,12], particularly when
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transfer is possible to a broad host range [21,22]. Since plasmid
transfer rates are limited bymating opportunities of donor and
recipient bacteria, and hence are affected by bacterial densities
and growth rates, it is crucial to infer conjugation rates using
population-dynamic models that can control for cell contact
opportunities [23].

Plasmid-mediated antimicrobial resistance is expected to
play an important role in resistance spread in dense microbial
consortia, such as the gastrointestinal microbiome of humans
[2,24] and animals [25,26]. Yet the effect of interactions
withmicrobiomemembers on the spreadof antimicrobial resist-
ance plasmids is largely unknown. Rather, ‘plasmid
permissiveness’ has been used to describe the diversity
of bacterial taxa or strains to which plasmids can horizon-
tally transfer [21,24,25,27]. Microbes engage in diverse social
interactions, both cooperative and competitive [28–30], which
are in part mediated throughmetabolic interactions [31], affect-
ing the fitness and conjugation rate of focal species [32–35]. A
better understanding of the influence of microbiome members
on plasmid transfer is of particular relevance for predicting
the prevalence of persistent plasmids such as multi-resistant
narrow-host-range plasmids in Escherichia coli [24] and broad-
host-range plasmids across bacterial taxa [27].

We tested the influence of microbiome taxa on the spread
of an epidemic antimicrobial resistance plasmid of high
importance. Narrow-host-range IncI1 plasmids carrying
the blaCTX-M-1 gene which encodes an extended-spectrum
β-lactamase (ESBL) [36] are primarily detected in E. coli and
Salmonella species [37]. This resistance gene–plasmid combi-
nation has been reported as the most abundant in Dutch
broiler chickens [38] and in other livestock animals (includ-
ing dairy cattle and slaughter pigs) in a recent 10-year
surveillance study [5], despite a steady decrease in the
usage of β-lactam antibiotics in The Netherlands over the
past 5–10 years [39]. To test the role of microbiome secretions
on the spread of this plasmid in E. coli populations, we
measured growth rates and plasmid transfer rates in spent
media from lactic acid bacteria (LAB) isolated from the
chicken caecal microbiome.

The chicken caecum contains the highest microbial density
and diversity of the intestinal tract [40,41], and its community
composition is influenced by a range of host and environ-
mental factors [42,43]. The microbiome plays an important
role in metabolic fermentation and pathogen exclusion [42],
with LAB described to significantly benefit gut health, leading
to their development as probiotics [44,45]. LAB in broiler
chickens belong to the families Enterococcaceae and Lactobacilla-
ceae, of which Lactobacillaceae are the third most abundant
family in the caecum, constituting approximately 10% relative
abundance [41]. Other abundant families in the adult chicken
caecum consist of the Ruminococcaceae (35% relative abun-
dance), Lachnospiraceae (35% relative abundance) and
Bifidobacteriaceae (7% relative abundance). All other families
each constitute less than 2% of the caecal microbiome, includ-
ing the Enterococcaceae that occur below 0.1%.

We found that spent media derived from LAB reduced
growth rates of plasmid-carrying and plasmid-free E. coli
strains, but did not significantly affect conjugation rates,
when controlling for cell density variation. Using a continu-
ous-flow mathematical model, we showed that minor
changes in plasmid fitness costs could nevertheless shift the
balance from plasmid fixation to plasmid loss under culture
conditions mimicking growth in the chicken caecum.
2. Methods
(a) Escherichia coli strains
We obtained an IncI1 plasmid carrying a blaCTX-M-1 resistance
gene from a natural chicken E. coli isolate (ESBL-375) (kind gift
from Michael Brouwer, Wageningen Bioveterinary Research,
Lelystad, The Netherlands) and transferred the plasmid via
conjugation to a laboratory strain of E. coli (MG1655) (strain
DA28200 described in [46]). This strain was used as the donor
(D) in experimental conjugation assays and carried a chromoso-
mal nalidixic acid resistance marker (NAL), isolated as a
spontaneous mutant. The recipient strain (R) for conjugation
assays was a differentially labelled strain of the MG1655
background, carrying chromosomal chloramphenicol resistance
(CAM) (strain DA28200 described in [46] with an integrated cat
gene cassette; GenBank accession number KM018300). IncI1 plas-
mid carriage was confirmed in strains ESBL-375 and D using the
PBRT (PCR-Based Replicon Typing) 2.0 kit (Diatheva, Cartoceto,
Italy). Transconjugants formed during conjugation assays were
derived from the recipient strain with CAM resistance back-
ground and carried the IncI1 plasmid. Strains were cultured in
Viande-Levure (VL) medium mimicking the chicken intestinal
environment [47,48] at pH 5.9 buffered with MES (final concen-
tration 0.1 M). Strains were preserved at −80°C in LB medium
(10 g l−1 (bacto) tryptone, 5 g l−1 yeast extract, 10 g l−1 NaCl)
mixed with glycerol (final concentration 20% v/v).
(b) Chicken caecal microbiota samples and supernatant
spent medium preparation

Caecal samples were collected from six 37-day-old Ross 308 broi-
ler chickens across three different houses from the same
conventional broiler farm. Samples were denoted as communities
1–6 with grouping by houses as follows: house 1—communities 1
and 6; house 2—communities 3 and 4; and house 3—communities
2 and 5. All chickens were healthy and free of Salmonella species
infection and received no antibiotic treatments, with the last
feed being free of coccidiostats for 11 days. Chickens were slaugh-
tered before transport to Utrecht University for caecal material
collection. Caecal material was transported to Wageningen Uni-
versity for experimental assays and was mixed with PBS and
glycerol (final concentration 20% v/v) before freezing at −80°C,
under aerobic conditions. A single aliquot per samplewas revived
and sub-cultured in VLmedium in a two-step dilution and cultur-
ing process. This involved 1 : 10 dilution in 800 µl volume in a
capped 1.5 ml Eppendorf tube with growth at 41°C and
750 r.p.m., followed by 1 : 100 dilution in 10 ml volume in a
capped 15-ml falcon tube with growth at 41°C and 250 r.p.m.
An aliquot of each sample was frozen, and the two-step dilution
and culturing process was repeated following revival, achieving
dense, viable communities. Each sample was split into triplicate
aliquots and frozen with glycerol (20% v/v), for use as three bio-
logical replicates for supernatant collection, to be used in the E. coli
growth and conjugation assays. Replicates were revived via 1 : 10
dilution in VLmedium and grown at 41°C and 250 rpm for 48 h to
ensure replicate viability, with culturing under aerobic conditions.
Aliquots of each replicate were again frozen at −80°C.

To prepare supernatants/spent media, a laboratory-grown
frozen aliquot of each caecal sample was revived using a 1 : 10
dilution in VL medium (8 ml culture volume). Cultures were
grown at 41°C and 250 r.p.m. for 48 h under aerobic conditions
and a single aliquot of each was preserved in 20% v/v glycerol
for later DNA extraction. Cultures were centrifuged (10 min at
4000 r.p.m.), supernatant was collected and each sample was
filter-sterilized through a 0.22 µm filter unit. In pilot tests, super-
natant media showed dose-dependent growth inhibition of the
natural strain ESBL-375 and strain R (electronic supplementary
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material, figure S1), following a dilution range of supernatant in
fully nutrient-replenished media (see electronic supplementary
material, Methods). For all experimental assays, supernatants
were mixed with VL medium (with 1.25× all nutrients), such
that supernatant composed 20% of the final culture volume
(causing moderate growth inhibition) and nutrients were replen-
ished to 1–1.2×, depending on depletion level in the supernatant.
By diluting spent media products, we mimicked dilution of these
bacterial taxa within the caecum. Two medium controls were
included: 1.0× VL and 1.2× VL.

(c) 16S rRNA gene characterization of laboratory-
cultured caecal samples

A single frozen 1 ml aliquot per biological replicate of each
community was revived and cultured in 13 ml of VL medium
for up to 48 h at 41°C and 250 r.p.m. DNA was extracted using
the Gentra Puregene Yeast/Bact DNA purification kit (Qiagen
cat no./ID: 158567) and quantified on a Nanodrop spectropho-
tometer and Qubit fluorometer. DNA was sent to LGC
Genomics GmbH (Berlin, Germany) for library preparation and
Illumina MiSeq sequencing of the V3/V4 hypervariable region
(341F-785R) of the 16S rRNA gene [49]. Primer clipped sequen-
cing reads were processed using the DADA2 pipeline (v. 3.10)
[50] in R v. 3.6.1 [51] (see electronic supplementary material for
data analysis parameters). Analyses revealed enrichment of
three genera of LAB (figure 1a).

(d) Escherichia coli strain monoculture growth assays
Monocultures of strains D (donor) and R (recipient) were growth-
profiled alongside strain T (transconjugant). Growth rates were
used as input values for conjugation rate estimation (see the below
section). In addition, monocultures of natural isolate ESBL-375
were growth-profiled. Strain Twas isolated fromaprior conjugation
assay involving the transfer of IncI1 from natural strain ESBL-375 to
strain R in 1.0x_VLmedium. IncI1 carriagewas confirmed via PBRT
and chromosomal background (CAM resistance marker) was
validated by PCR amplification of the fluorescence-resistance gene
cassette using primers cat J23101F/R [46].

Each strain was revived from frozen stock by streaking a 5 µl
aliquot on VL agar and growing overnight at 37°C then an over-
night culture was prepared by inoculating a single colony into
3 ml VL medium. Cultures were then diluted by 1 : 100 in VL
medium and grown into exponential phase at 37°C and 250 rpm
until OD600 (optical density at 600 nm) reached 0.4. Each culture
was diluted to approximately 2 × 106 CFU ml−1 in 1× VL and
1.2× VL media (approx. 100-fold dilution), then further diluted
approximately twofold and aliquoted into eight different culture
media (two control and six supernatant media) across eight
rows of a 96-well microtiter plate (well volume 200 µl), in dupli-
cate. A set of culture-free control media/supernatant wells were
also added across eight wells in duplicate. Fifty microlitres of ster-
ile mineral oil were added to the surface of each culture to reduce
condensation on the plate lid and evaporation. The microtiter
plate was incubated in a Victor3 plate reader (Perkin and Elmer,
MA, USA) at 37°C under static conditions, with OD600 readings
taken every 6 min up to 24 h. The assay was repeated with
three biological replicates using independent cultures and
supernatant collection.

(e) Conjugation assays and conjugation rate estimation
We performed conjugation assays between strains D and R, con-
sisting of an initial mixed strain ratio of 50 : 50. Initial strain
densities were approximately 106 CFU ml−1 and aliquots were
added to the eight different culture media (described above)
and incubated in separate wells of the same 96-well plate (per
biological replicate assay) as described for monoculture growth
(section above). Appropriate serial dilutions from each mixed
culture were performed at t = 0 and 4 h and plated on anti-
biotic-containing VL agar. Strain D was selected on CTX +
NAL (cefotaxime, 1 mg l−1 + nalidixic acid, 20 µg ml−1). Strain
R was selected on CAM (chloramphenicol, 32 µg ml−1) and trans-
conjugants were selected on CTX +CAM. Transconjugant counts
were subtracted from counts on CAM agar to deduce recipient
densities. Plates were incubated at 37°C for up to 24 h.

To estimate the endpoint conjugation rate, we used the
population-dynamic ‘approximate extended Simonsen’ method
(equation (2.1)) [23], which is an extension of the endpoint
method [52], allowing for differences in growth rates (ψ) between
donor, recipient and transconjugant strains. We calculated the
conjugation rate (γ) for strain Dwith input of D, R and Tmonocul-
ture growth rates (ψD, ψR and ψT). D, R and T represent the
endpoint cell densities (t = 4 h), for the donor and recipient strains
and transconjugants formed during the experiment. D0 and R0

represent the initial cell densities from mixed cultures,

g ¼ (cD þ cR � cT)
T

DR�D0R0ecTt
: ð2:1Þ

Conjugation rates were log10-transformed for statistical analyses.

( f ) Model of within-population dynamics of plasmid-
bearing bacteria

We defined a simple mathematical model of the dynamics of a
bacterial population containing cells with or without a plasmid
to show the qualitative outcomes for population dynamics of
plasmid-bearing bacteria in a continuous-flow system, given
the in vitro estimated growth and conjugation rate parameters.
We consider a situation of invasion of the plasmid into a popu-
lation through an introduction by an otherwise isogenic strain.
The ecological model was used to determine the parameter
space for plasmid loss, coexistence and fixation, assuming no
adaptation of the plasmid or bacterial host. The border of the
parameter regions was determined by the population density,
because we assumed a linear dependence of conjugation oppor-
tunities on population density (N term in equation (2.2)) [52]. The
model assumed a bacterial population with a constant size N, but
with a continuous turn-over of cells (m).

The change in fraction of plasmid-carrying bacteria p at time t
is:

dp
dt

¼ m � Dc � p � (1 � p)
c þ Dc p

þ g �N � p � (1� p), ð2:2Þ

where ψ is equivalent to ψR (equation (2.1)), and Δψ = ψD− ψR. Δψ
was calculated per replicate. γ is the conjugation rate from equation
(2.1). The fraction of plasmid-carrying bacteria ( p) is at equilibrium
for plasmid loss ( p = 0), at fixation of the plasmid ( p = 1) and for
intermediate values, when p ¼ �ðc=DcÞ � ðm=ðg NÞÞ.

The mathematical model was applied to three population
densities, 106, 108 and 1010 cells ml−1, and a turn-over rate of m
of 0.1 cell ml−1 h−1. To compare the parameter estimates between
all control and supernatant media, the growth rates and conju-
gation rates were scaled to ψR. See electronic supplementary
material for further details on derivation.

(g) Statistical analyses and computations
OD600 data were blank corrected with the minimum reading
from all medium/supernatant culture-free control wells, per
96-well assay plate. The maximum growth rates were calculated
similar to the methods of [53], identifying the maximum gradient
of natural logarithm-transformed OD values in sliding 1.5 h time
windows in the exponential phase (data region between 102 and
228 min), using Python version 3.6.3 [54]. All further statistical
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Figure 1. Influence of spent media from chicken microbiome-derived lactic acid bacterial genera on E. coli strain growth rates, plasmid conjugation rates and modelled within-
population plasmid equilibria. (a) Spent mediawere collected from aerobically cultured lactic acid bacterial genera from the chicken caecum that were taxonomically identified by
16S rRNA gene sequencing. Horizontal lines on bar plots indicate different amplicon sequence variants and are plotted as relative taxonomic abundances. Triplicate replicates for
six caecal samples are shown. Data points in (b–d ) are three biological replicates, each averaged across two technical replicates, grouped by lactic acid bacterial genera fromwhich
supernatant was derived. (b) Growth rates of donor (D) and recipient (R) strains in the MG1655 background across control and supernatant-supplemented media. (c) Conjugation
rates of IncI1 plasmid transfer between strains D and R. (d ) Implications of lactic acid bacterial genera secreted products for expected equilibrium frequencies of plasmid IncI1
using a continuous-flowmodel. Shown are three possible equilibria as a function of the conjugation coefficient (γ) (presented in (c)) and growth rate difference between strains D
and R (rates presented in (b)), scaled to the growth rate of the recipient strain per medium (Δψ). Modelled population dynamics were parameterized with scaled conjugation
and growth rates (ψR = 1) and an outflow rate (m) = 0.1, for three different population densities ranging over four log10 steps. (Online version in colour.)
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analyses, including calculation of conjugation rates, were
performed with R v. 3.6.1 [51].

For E. coli growth rate data in the MG1655 background, we
used a two-wayANOVA to test the effects of ‘strain’ (donor or reci-
pient) and ‘medium’ (eight groups: controls: 1.0x_VL, 1.2x_VL and
treatments: Sup_1, Sup_2, Sup_3, Sup_4, Sup_5, Sup_6). For post
hoc comparisons of each of the six treatment groups with each of
the two control groups, Dunnett’s tests were applied using pack-
age DescTools (v. 0.99.41) [55], per control group and strain. For
conjugation rate data, we used a one-way ANOVA to test the
effect of ‘medium’. Test assumptions on residual distribution, nor-
mality and homoscedasticity were met.
l/rspb
Proc.R.Soc.B

288:20212027
3. Results
(a) Caecal microbiota composition after in vitro culture
Caecal microbiota samples isolated from six broiler chickens
were cultured in vitro under aerobic conditions. Bacterial
characterization revealed enrichment of three genera of
LAB (figure 1a). Samples 1–5 consisted of single-genera
cultures: samples 1, 2 and 5 contained Pediococcus, in sample
3, Enterococcus was present and in sample 4, Lactobacillus.
Sample 6 was enriched for two genera: approximately 75%
Enterococcus sequences and 25% Pediococcus sequences.
Nutrient-replenished filtered spent media from the
laboratory-cultured samples were used for E. coli growth and
conjugation assays described below.
(b) Metabolic products of lactic acid bacteria negatively
affect Escherichia coli donor and recipient growth
rates

We investigated the influence of secreted metabolic products
in the spent media produced from the three chicken-derived
genera of LAB, on the growth rate of two isogenic E. coli
strains, one carrying a conjugative IncI1-ESBL plasmid
(donor, D) and one without the plasmid (recipient, R). Escher-
ichia coli growth rates significantly varied across the eight
medium types (two control and six supernatant media)
(two-way ANOVA: F7,39 = 12.31, p = 3.46 × 10−8; figure 1b).
Growth rates were on average 2.3% lower for the donor rela-
tive to the recipient strain, but this difference was not
significant (two-way ANOVA: F1,39 = 2.98, p = 0.093).

For the donor strain, supernatant treatments significantly
reduced growth rates relative to either control group
(1.0x_VL or 1.2x_VL) (Dunnett’s test: p < 0.05) for all super-
natants apart from Sup_4 (Lactobacilllus) (electronic
supplementarymaterial, table S1). Relative to the 1.0x_VL con-
trol group, growth rate reductions ranged from 12.9% in Sup_1
(Pediococcus) to 16.9% in Sup_6 (Pediococcus/Enterococcus).
Growth rate reductions in supernatant treatment groups rela-
tive to the 1.2x_VL control were highly similar (electronic
supplementary material, table S1).

For the recipient strain, only Sup_6 (Pediococcus/Enterococ-
cus) (electronic supplementary material, table S1) significantly
reduced the growth rate relative to both control groups
(Dunnett’s test: p < 0.05). Growth rates in Sup_6 were reduced
by 16.5% relative to 1.0x_VL and by 19.9% relative to
1.2x_VL. Relative to 1.2x_VL, significant growth rate reductions
of 10.6–12.0%were also found in Sup_2 and 5 (Pediococcus) and
Sup_3 (Enterococcus).
We also tested growth across the control and supernatant
media for the natural ESBL strain isolated from a chicken
source (ESBL-375), fromwhich the IncI1 plasmidwas obtained.
Growth rates significantly varied across supernatant media in
comparison with the 1.2x_VL control group (one-way
ANOVA: F6,14 = 3.08, p = 0.039), but not in comparison with
the 1.0x_VL control group (one-way ANOVA: F6,14 = 1.19, p =
0.37) (electronic supplementary material, figure S2). Average
growth rates did not significantly differ between 1.0x_VL
and 1.2x_VL (two-sample t-test: t4 = 0.892, p = 0.423). In com-
parison with 1.2x_VL, growth rates were significantly
reduced in supernatants 2, 5 (Pediococcus) and 6 (Dunnett’s
post hoc tests: p < 0.05) with the greatest reduction of 15.6% in
Sup_6 (Pediococcus/Enterococcus) (electronic supplementary
material, table S2).

(c) Metabolic products of lactic acid bacteria do not
significantly affect IncI1 plasmid transfer rates

We then estimated the rate of IncI1 plasmid transfer from
strain D to strain R in the absence and presence of the same
spent media, using the approximate extended Simonsen
method to control for density-dependent variation in
mating opportunities [23]. Conjugation rates did not signifi-
cantly differ across medium types (two control and six
supernatants) (one-way ANOVA: F7,16 = 0.611, p = 0.739)
(figure 1c). Note that for supernatants 2–6, the mean conju-
gation rates were lower than both control groups, ranging
from a 1.6–1.8-fold reduction in Sup_2 (Pediococcus) to a
3.0–3.5-fold reduction in Sup_5 (Pediococcus) and Sup_6
(Pediococcus/Enterococcus); however, these reductions were
non-significant in pairwise Dunnett post hoc comparisons
(electronic supplementary material, table S3).

(d) Secreted products of lactic acid bacteria increase
chance of plasmid loss under continuous-flow
conditions

Next, we investigated the implications of the observed effects
from microbiome members on growth rates of D and R for
the possible spread of the IncI1 ESBL plasmid. Our analysis
shows that there is not a statistically significant effect of micro-
biome members on the conjugation rate of the Incl1 plasmid
from strain D. However, to consider the respective importance
of growth and conjugation rates for plasmid loss, we con-
sidered the possibility that the variation in conjugation rates
between supernatants represents genuine, but small differ-
ences associated with different microbiome members. We
implemented amathematical model of continuous culture con-
ditions mimicking the chicken gastrointestinal tract. Using our
in vitro estimates for the growth rates of strains D and R differ-
ing in IncI1 plasmid carriage (figure 1b) and the conjugation
rates of plasmid transfer from strain D to strain R (figure 1c)
to parametrize the model, we determined the equilibrium fre-
quency of plasmid-carrying bacteria (p) for a continuous-flow
system (figure 1d).

The model predicts that at densities of 108 cells ml−1 (rel-
evant for the chicken caecum [56]) and lower, the three lactic
acid bacterial genera increase the chance of plasmid loss com-
pared with control media, as the data points shift towards the
plasmid loss region (figure 1d ). This shift is due mainly to
increased costs of plasmid carriage in spent media shown
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by greater reductions in growth rates of strain D than strain
R. The model shows that the magnitude of effects of spent
media on conjugation rates is too small to have a meaningful
impact on plasmid loss. When cell densities are higher (e.g.
1010 cells ml−1), the plasmid is expected to become estab-
lished irrespective of plasmid costs and the range of
conjugation rate values shown in our data (figure 1d ); how-
ever, such population densities are higher than expected for
E. coli in the chicken caecum.
/journal/rspb
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4. Discussion
Our study makes three main contributions. First, we show that
secreted products from lactic acid bacterial genera derived
from the chicken gastrointestinal microbiome substantially
reduce E. coli strain growth rates, while not causing reductions
in conjugation rates. Second, using a mathematical model of
continuous-flow bacterial population dynamics parametrized
with our in vitro estimates, we predict that the secreted pro-
ducts would increase the chance of plasmid loss under
conditions mimicking growth in the gastrointestinal tract.
These effects are driven by the changes in growth rate in the
parameter space that is biologically relevant. Finally, we
demonstrate the utility of using spent media derived from
microbiome taxa (see also [30] and [57]) to investigate effects
of microbial interactions on key determinants of plasmid
spread in focal E. coli populations, extending quantitative in
vitro conjugation assays to more realistic conditions.

We observed a negative effect of LAB from the order Lac-
tobacilliales on the growth rate of E. coli strains, as observed
previously in vitro [44,58]. LAB can inhibit E. coli strains via
bacteriocin production and resource competition, while
adhered to intestinal epithelial cells [44]. Likewise, probiotic
intestinal bacteria, including Enterococcus and Lactobacillus,
can successfully reduce in vivo invasion, excretion and
between-animal transmission of ESBL E. coli in broiler chick-
ens [45,59]. As the order Lactobacilliales constitutes up to 25%
of the chicken caecal microbiome [60,61], understanding its
role in mediating within-microbiome plasmid spread remains
an important challenge. We observed reductions in E. coli
growth rates for our donor and recipient strains in the labora-
tory strain MG1655 background. For the natural ESBL strain
isolated from a chicken source from which the IncI1 plasmid
was obtained, we also observed growth rate reductions in
supernatant media; however trends relative to controls were
less clear. We recommend that future studies explore the
influence of microbial secretions on growth rates of a larger
range of natural strains.

We did not observe a significant effect on conjugation
rates from spent media. We did observe variability over
an order of magnitude between our replicate data points
(as also reported for natural isolates [62]); therefore, we
recommend that conjugation assays are performed with
increased replication to improve the reliability of estimates.
By quantifying endpoint conjugation rates rather than
frequencies, we were able to control for differences in mating
opportunities (due to differences in cell densities) [23], so
that true kinetics of plasmid transfer could be compared
across control and supernatant conditions. This presents a
key methodological advance, as separating growth and trans-
fer dynamics poses a challenge in comparing plasmid
transmission rates across environmental conditions [3,63].
Plasmid success is influenced bya balance between growth
rate effects of plasmid carriage, conjugation rate and popu-
lation density. Escherichia coli has been found at densities of
106–108 cells ml−1 in the caecum of chickens [56,64]. At these
population densities, we found by modelling conjugation
under continuous-flow conditions, that fixation of the plasmid
was the likely outcome in control media due to the minimal
growth rate costs (as we also reported in batch culture [62]),
whereas in the presence of secreted products of LAB, plasmid
fate shifted towards loss. This shift was due mainly to a
slightly increased fitness cost of IncI1 plasmid carriage (Δψ
values), with little influence from spent media effects on con-
jugation rates (figure 1d ). This may support recently
reported epidemiological decreases of ESBL resistance (predo-
minantly due to blaCTX-M-1 carriage on IncI1 plasmids [5])
within Dutch chicken populations in association with a ban
on the usage of third-generation cephalosporins [65], thereby
reducing postive selection pressure for persistence of these
plasmids. Our finding, however, contrasts with that in another
study [4], predicting the maintenance of ESBL-plasmids (via
conjugation) with greater fitness costs in the absence of anti-
biotics at a higher population density of 109 CFU ml−1,
which confirms an important role of cell density [52]. Conju-
gation rates are probably lower for transfer between different
bacterial strains [66] or species [63] than for isogenic strains
of E. coli, thus conditions for plasmid spread across bacterial
species are expected to depend more critically on the balance
between plasmid costs and cell densities.

We present a novel approach to investigate the role of
microbial interactions on plasmid spread in a focal bacterial
population, using in vitro assays in spent media from relevant
bacterial taxa. The use of spent media provides a controlled
method to study the influence of microbial interactions and
has been applied to measure effects on individual growth
kinetics [30,57] and pairwise competition outcomes [32]. We
applied this approach to investigate effects on conjugation
from dominant microbiome members under aerobic con-
ditions, but it could also be applied under anaerobic gut
conditions, complementing recent studies of community
effects on selection for antimicrobial resistance [33,34].
Future studies should take into account additional features
of microbiomes, including spatial structuring [67,68] and
influence of the host immune system [69,70], to help bridge
the gap between in vitro and in vivo parameter estimates of
plasmid spread.
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