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Abstract
The eco-evolutionary interactions among members of the vertebrate gut microbiota that ultimately result in host-specific
communities are poorly understood. Here we show that Lactobacillus reuteri coexists with species that belong to the
Lactobacillus johnsonii cluster (L. johnsonii, L. gasseri, and L taiwanensis) in a taxonomically wide range of rodents, suggesting
cohabitation over evolutionary times. The two dominant Lactobacillus species found in wild mice establish a commensalistic
relationship in gastric biofilms when introduced together into germ-free mice in which L. reuteri facilitates colonization of L.
taiwanensis. Genomic analysis revealed allopatric diversification in strains of both species that originated from geographically
separated locations (Scotland and France). Allopatry of the strains resulted in reduced formation of mixed biofilms in vitro,
indicating that interspecies interactions in gastric Lactobacillus-biofilms are the result of an adaptive evolutionary process that
occurred in a biogeographical context. In summary, these findings suggest that members within the vertebrate gut microbiota can
evolve inter-dependencies through ecological facilitation, which could represent one mechanism by which host-specific bacterial
communities assemble across vertebrate species and an explanation for their spatial and biogeographic patterns.

Introduction

The gut microbiota makes important contributions to the
fitness of vertebrate animals (including humans) [1], but in
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contrast to host-microbial symbioses in invertebrates, little
is known about the basic mechanisms by which symbiotic
interactions are maintained and how they evolve [2].
Mammals are colonized by specific bacterial communities
that cluster according to host species [3, 4], and recent
findings suggest cospeciation of specific microbiota mem-
bers with their hosts [5]. However, the evolutionary rela-
tionships of gut microbes with vertebrates can vary
dramatically, with some clades remaining highly host-
specific over evolutionary time spans [5, 6], while others
evolving generalist lifestyles without host restriction [5, 7,
8]. Little is known about how these lifestyles evolve and
how eco-evolutionary interactions within the microbiota
shape species associations within the communities.

We have established the species Lactobacillus reuteri as
a model to study the evolution of a gut symbiont and the
consequences of its symbiosis with the vertebrate host [9].
This species can be divided into several phylogenetic clades
that correlate with host origin [10] and whose genome
content reflects niche characteristics in respective hosts
[11]. Capitalizing on gnotobiotic mice and chickens, we
have experimentally demonstrated host specificity [11, 12],
determined the ecological role of rodent-specific genes
in vivo [11], and identified selective biofilm formation in the
mouse stomach as key mechanisms by which host specifi-
city is facilitated [13]. Although our research has provided
clear evidence for a persistent and specific evolution of L.
reuteri with rodent hosts and the mechanisms by which host
specificity is established, nothing is yet known about how
this species evolves in the context of the bacterial com-
munities in which it exists in nature.

In rodents, L. reuteri is a component of bacterial biofilms
that adhere directly to the stratified squamous epithelium of
the forestomach [14]. Recent molecular analysis of the
gastric bacterial populations in mice has demonstrated that
they are dominated by a small number of Lactobacillus
species [15]. The two taxa that consistently dominate Lac-
tobacillus population in the murine gut in both molecular
and culture-based studies are L. reuteri and closely related
species of the L. johnsonii cluster (e.g., L. johnsonii and L.
taiwanensis) [16–20]. Both L. reuteri and L. johnsonii have
been shown to be composed of host-specific subpopulations
[10, 21] and partition resources during gut colonization
[22]. These findings suggest a long-term tripartite evolu-
tionary relationship between these two lineages and their
rodent host. The simple composition of gastric biofilms and
the fact that they can be studied in gnotobiotic mice under
realistic ecological conditions [13] make them an excellent
model system to determine the mechanisms by which bac-
terial members of the vertebrate gut microbiota interact with
each other, and how these interactions evolve.

The goal of this study was to characterize the
evolutionary relationship between L. reuteri and L.

johnsonii-related lineages that dominate natural Lactoba-
cillus populations in rodents. We first characterized the
Lactobacillus population from a taxonomically diverse
range of wild rodents, and then evaluated the ecological
interactions between the two most dominant species in
biofilm formation assays using gnotobiotic mice. We next
hypothesized that the interactions between Lactobacillus
lineages result from an adaptive process over evolutionary
time. To test this hypothesis, we characterized the genome
variation of isolates obtained from two geographically
separated populations of mice and then compared interac-
tions of allopatric strains with sympatric strains during
biofilm formation.

Results

L. reuteri and species related to L. johnsonii coexist
in the gut of a phylogenetically wide range of
rodent hosts

To characterize the Lactobacillus population in rodents, gut
samples were collected from zoo animals, as well as ani-
mals caught in the wild. Animals belonging to eight rodent
species from three main clades within the order Rodentia
were included (Table 1). Lactobacilli were isolated by
selective culture from gut samples and isolates were tax-
onomically identified by sequence analysis of the 16S
rRNA gene (Table S1).

The cultivable Lactobacillus population was dominated
by L. reuteri and species related to L. johnsonii (L. john-
sonii-like), such as L. rodentium [23] and species that
cannot be differentiated from L. johnsonii (the L. johnsonii
cluster) based on 16S rRNA sequences, e.g., L. taiwanensis
and L. gasseri [24]. Figure 1a depicts the distribution of L.
reuteri and species related to L. johnsonii among rodent
hosts in the context of the phylogeny established by Fabre
and coworkers [25]. L. reuteri was isolated from all rodent
species in this study, indicating an ancient history of asso-
ciation dating back to the root of the Rodentia phylogeny. L.
johnsonii-like species were isolated from all hosts from the
Myodonta (mouse related) clade, but not from hosts in the
squirrel-related and Ctenohystrica (guinea-pig related)
clades, suggesting a later association of L. johnsonii-like
species with rodents. Interestingly, neither L. johnsonii (and
related species) nor L. reuteri was isolated from shrews
(Fig. 1a and Table 1), which are small mammals belonging
to the order Eulipotyphla, suggesting the important role of
host phylogeny in these symbiont relationships. Most
importantly, the L. johnsonii cluster and L. reuteri were co-
isolated from all species in the Myodonta clade, indicating
that they may have coexisted with each other in their shared
hosts over evolutionary times.
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Composition of the Lactobacillus population in the
gut of wild house mice

To gain detailed insight into the Lactobacillus community of
wild house mice (Mus musculus domesticus) at two separate
geographic locations, we selectively cultured lactobacilli
from the ceca of four mice obtained from each France and
Scotland and identified randomly selected isolates (25 iso-
lates per mouse) by 16S rRNA sequence analysis. In
agreement with previous studies [15–20], the cultivable
Lactobacillus population of wild mice was composed of
only a few species and dominated by L. reuteri and the L.
johnsonii cluster (Fig. 1b). L. reuteri and the L. johnsonii
cluster were also the only two taxonomic groups consistently
isolated from all eight animals, and they accounted for more
than half of the isolates, confirming their dominance in the
Lactobacillus community of wild mice.

For identification of the species within the L. johnsonii
cluster, whole-genome sequencing was performed for 31
isolates (16 from Scotland and 15 from France). Sequences

of selected housekeeping genes were used to compare iso-
lates with publicly available sequences of L. johnsonii, L.
gasseri, and L. taiwanensis using a Multi-locus Sequence
Typing (MLST) approach developed for L. johnsonii [21].
As expected, these three species formed distinct phyloge-
netic clusters (Fig. S1). With the exception of isolates from
one Scottish mouse (Mouse 117) identified as L. johnsonii,
all other isolates were identified as L. taiwanensis. This
implies that in addition to L. reuteri, L. taiwanensis is the
most prevalent Lactobacillus species in the gut of wild
house mice. L. taiwanensis isolates were therefore used to
study the functional interactions with L. reuteri.

Characterization of species interactions in gastric
biofilms

To study the ecological interaction between L. reuteri and
L. taiwanensis in their natural niche, we compared biofilm
formation in single and dual-species biofilms in the forest-
omachs of ex-germ-free mice. For this, we selected two

Table 2 Isolates (T1-T4 and
R1-R4) from mice (105 and 111
from Scotland, 609 and 107
from France) and mixtures there
of originating from Scotland and
France used in in vivo and
in vitro biofilm experiments

Strains used in single species biofilms; mouse ID, isolate
ID (strain designation)

Strain mixtures used for dual-species
biofilms

L. taiwanensis L. reuteri Same location Different locations

Scotland France Scotland France

105x (T1) 609u (T3) 105n (R1) 609i (R3) T1R1 and T3R3 T1R3 and T3R1

111z (T2) 107q (T4) 111v (R2) 107j (R4) T2R2 and T4R4 T2R4 and T4R2

Fig. 1 Isolation of L. johnsonii-
like species and L. reuteri from
rodent hosts. a Schematic clade-
level phylogenetic tree of
rodents (adapted from [25])
showing detection of L. reuteri
and L. johnsonii-like species by
culture. b Composition of
Lactobacillus community in
wild mice originating from
France and Scotland (n= 4
each). 200 isolates were cultured
from the ceca of mice (25 per
mouse), and identities were
determined by 16S rRNA
sequence analysis
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pairs of L. reuteri and L. taiwanensis strains from each of
two French and two Scottish mice (Table 2). Germ-free
mice were inoculated with single strains or mixtures, and
biofilm formation on the forestomach epithelium was
quantified 48 h after inoculation with confocal microscopy
as previously described [13]. Cell numbers for each species
were further quantified via culture on mMRS agar.

Although in vivo biofilm quantification was inherently
variable, mixed-species biofilms showed on average higher
cell density when compared to biofilms in mono-associated
mice (Fig. 2a). Quantification of the total forestomach area
covered by bacterial cells revealed significant higher biofilm
density for two of four strain combinations when compared
to L. taiwanensis alone, but clear synergism was only
detected for one strain combination (T1R1)(Fig. 2b).
Similar findings were obtained when quantifying total
bacteria adherent to the forestomach epithelium by culture,
with higher cell numbers in mixed-species biofilm in all
four pairings when compared to L. taiwanensis mono-
associated mice and synergism for the T1R1 combination.
L. reuteri biofilms contained a higher number of cells when
compared to L. taiwanensis in two of the experiments
(Fig. 2c). In two combinations (T1R1 and T2R2), total cell
numbers in mixed biofilms were more than double those
obtained with either of the single strains, suggesting syner-
gism. Together, these results demonstrate that L. reuteri

biofilms were denser than those of L. taiwanensis and that
increased biofilm formation was seen in mixed-species bio-
films, but synergism was not consistent in all strain pairings.

To further examine interactions between L. taiwanensis
and L. reuteri within dual-species biofilms, we quantified
each species by standard plating based on clear differences
in colony morphology. L. reuteri formed single-species
biofilms of around 5 × 108 CFU per gram of forestomach
tissue, while numbers of L. taiwanensis in single-species
biofilms were 5–10 times lower. For three out of the four
strain pairings, cell numbers of L. taiwanensis were sig-
nificantly elevated in dual-species biofilms (Fig. 2d),
reaching cell number comparable to that of L. reuteri. In
contrast, the cell numbers of L. reuteri were not different in
mono- and dual-species biofilms (Fig. 2e). Overall, these
findings indicate a commensalistic relationship in which L.
reuteri facilitates the colonization of L. taiwanensis in
gastric biofilms without being affected itself.

Coaggregation with L. reuteri is required for L.
taiwanensis to form aggregates

To determine whether the species interactions described
above could be attributed to the ability of L. reuteri and L.
taiwanensis to auto- and coaggregate, aggregation assays
were performed in vitro. Isolates of L. reuteri, but not L.

Fig. 2 Biofilm formation in the forestomach of mice (n= 5–7) (See
Table 2 and Table S1 for letter designation of the isolates). a Confocal
micrographs of representative areas of forestomach showing epithe-
lium autofluorescence (green) and propidium iodide-stained bacteria
(red). b Quantification of biofilm density on forestomach epithelia as
% red pixel area, as calculated relative to L. tainwanensis mono-
associated mice by confocal microscopy. Each point represents one
mouse, with 3 z-stacks per mouse. c Total cell count on forestomach

epithelia as determined by quantitative culture. Statistical analyses for
each group were performed separately. Different letters denote sig-
nificant differences between groups (one-way ANOVA followed by
Tukey’s test; α= 0.05, p < 0.05). CFU of L. taiwanensis (d) and L.
reuteri (e) on forestomach epithelium of mice colonized by single
strains or mixtures. Strains were differentiated on plates by colony
morphology. Different letters denote significant differences between
groups (Student’s t-test; α= 0.05, p < 0.05)
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taiwanensis, formed autoaggregates, while aggregation of
L. taiwanensis depended on the presence of on L. reuteri
(Fig S2A). Treatment with Proteinase K essentially abol-
ished the ability of the lactobacilli to auto- and coaggregate
(Fig S2B), showing that aggregation was protein-based,
which concurred with our previous finding that coag-
gregation between L. reuteri and L. taiwanensis (formerly
classified as L. johnsonii) was not mediated by exopoly-
saccharides [26]. Overall, these findings showed that L.
taiwanensis could only form cell aggregates when L. reuteri
cells were present, while the latter species can auto-
aggregate, providing a potential mechanism for the facil-
itation of L. taiwanensis through L. reuteri observed in mice
(although additional mechanisms might still apply).

Structural characterization of single- and dual-
species biofilms in the mouse forestomach and the
spatial distribution of strains

To gain additional insight into the interactions between L.
taiwanensis and L. reuteri in gastric biofilms, we developed
a Fluorescence in situ Hybridization (FISH) protocol with
species-specific probes (Table S2) to elucidate the spatial
organization of the two species. Species-specific fluorescent
probes were verified in vitro to exclude cross reactivity
(Fig. 3a–c). The technique was then used to visualize bac-
terial cells on the forestomach epithelium after 48 h of
colonization. The analysis revealed that L. taiwanensis
colonized the epithelium only in small clusters that

8μm

15μm

A B C

D E F

G H I

Fig. 3 Characterization of structural distribution of L. reuteri 111 v and
L. taiwanensis 111z in forestomach biofilms by Fluorescence in situ
hybridization (FISH) with species-specific probes. Validation of L.
taiwanensis/L. johnsonii-specific probe (red) and L. reuteri-specific
probe (yellow) using cultures of L. taiwanensis (a), L. reuteri (b) and
dual-species mixtures (c). 2D micrographs of forestomach tissues from

mice colonized with L. taiwanensis (d), L. reuteri (e), and dual-species
mixtures (f). 3D micrographs of forestomach tissues (stained with
DAPI in blue) from mice colonized with L. taiwanensis (g), L. reuteri
(h), and dual-species mixtures (i). Mouse experiments were performed
in six mice per treatment and representative results are shown
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remained confined within crevices of the forestomach tissue
(Fig. 3d, g, Video S1). In contrast, L. reuteri formed bio-
films that covered larger areas of the forestomach luminal
surface (Fig. 3e, h, Video S2), an observation consistent
with previous studies [13, 27]. On forestomach epithelia
colonized by both species (Fig. 3f, i, Video S3), L. reuteri
and L. taiwanensis cells were both evenly distributed
throughout the biofilm in small clusters without obvious
distinction in spatial organization or cell number. Alto-
gether, these observations suggest that while both species
could colonize the forestomach independently, the biofilm-
forming ability of L. reuteri was superior to that of L. tai-
wanensis and further facilitated the integration of the latter
within a dual-species biofilm. This spatial and structural
characterization provides an explanation for the beneficial
role of L. reuteri in the forestomach colonization of L.
taiwanensis (Fig. 2d).

Geographic separation of the host animals resulted
in allopatric genome diversification in both L. reuteri
and L. taiwanensis

We postulated that if facilitation of L. taiwanensis through
L. reuteri has resulted from an adaptive process during a
common evolutionary history of coexistence, then recipro-
cal interactions should enhance traits of L. taiwanesis that
support its performance when paired with L. reuteri strains
from the same location [28, 29]. Consequently, the pairing
of strains from geographically separated locations (allopa-
tric) should result in a reduction of the interactive functions
in dual-species biofilms when compared to strains from the
same location (sympatric). Before testing the phenotypic
interactions of allopatric and sympatric strain combinations
in biofilms, we first determined the genetic divergence
among L. reuteri and L. taiwanensis strains from France and
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isolates based on concatenated core gene alignment. Color block by the tree represent different BAPS cluster. All isolates of L. reuteri belong to
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Scotland, which are likely to have become geographically
isolated over timescales sufficient for evolutionary change
(i.e., up to several thousand years, [30]).

We analyzed the draft genomes of 25 L. taiwanensis
isolates (10 from Scotland and 15 from France) and 32 L.
reuteri isolates (19 from Scotland and 13 from France). For
each species, core genes without signs of recombination
were identified. Phylogenetic trees were constructed using
concatenated sequences of the core genes as well as by
coalescence of core gene trees. These phylogenetic analyses
revealed that isolates from each location clustered sepa-
rately (Fig. 4a, b, and Fig S3), consistent with allopatric
diversification in both species. Average Nucleotide Identity
(ANI), Average Amino acid Identity (AAI), and the number
of Single Nucleotide Polymorphisms (SNPs) in the core
genomes also showed that variation within geo-
graphic regions was lower than variation between regions
(Fig. 4c). In addition, genetic variation within mice was
significantly lower than variation across host animals within
the same region, but isolates from the same mouse still
showed sufficient diversity to conclude that distinct strains
coexisted that did not primarily emerged through clonal
expansion of an original colonizer (Fig. 4c).

Genetic diversification could result from genetic drift
and/or natural selection. To gain insight into potential
contributing factors to the observed diversification, a clade
model [31] was used to detect the differences in selective
constraint between the isolates from Scotland and France.
Genes subject to putative changes in selective forces
between Scottish and French clades were detected for both
L. taiwanensis and L. reuteri (Table S3 and S4), providing
candidates for involvement in allopatric diversification.
Altogether, these genomic comparisons suggest that geo-
graphic isolation resulted in allopatric divergence in the
genomes of both L. reuteri and L. taiwanensis.

Reduced formation of dual-species biofilms of
allopatric strains

We next sought to determine whether the L. reuteri–L.tai-
wanensis interrelationship is the result of an evolutionary
process resulting in co-adaptation in a biologically relevant
phenotype. To that end, we used in vivo and in vitro biofilm
assays to compare dual-species biofilm formation by sym-
patric strains, isolated from the same mouse populations,
and allopatric strains, isolated from different mouse

Fig. 5 The effect of allopatry
and sympatry of strains on
biofilm formation in dual-
species in vitro biofilms.
a Photographs of in vitro dual-
species biofilms formed by L.
taiwanensis and L. reuteri
strains that originated from the
same (sympatric) or different
(allopatric) locations (See
Table 2). b OD600 of biomass of
dual-species biofilms formed by
sympatric and allopatric strain
combinations (eight biological
replicates). Different letters
denotes significant differences
between groups (one-way
ANOVA; α= 0.05, p < 0.05).
CFU of L. taiwanensis (c) and L.
reuteri (d) in dual-species
biofilms formed by sympatric
and allopatric strains (eight
biological replicates). Different
letters denote significant
differences between groups
(Student’s t-test; α= 0.05, p <
0.05)
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populations. We hypothesized that allopatric diversification
of each species would have resulted in local adaptation,
such that L. taiwanensis benefits more from co-colonization
with sympatric L. reuteri than allopatric L. reuteri during
biofilm formation. No difference in L. reuteri facilitation of
L. taiwanensis according to geographic sympatry was
observed in vivo for total biofilm formation or for individual
species (Fig S4). However, in vitro, total biofilm biomass
was higher in dual-species biofilms composed of sympatric
versus allopatric pairings in almost all combinations tested
(Fig. 5a, b). Moreover, cell numbers of both L. reuteri and
L. taiwanensis were higher in biofilms formed by sympatric
combinations of strains (Fig. 5c, d). The enhanced biofilms
of sympatric strain pairs suggest that L. taiwanensis and L.
reuteri have jointly evolved at the two geographic locations,
resulting in local adaptations that improved traits that
facilitate interactions between the two species.

Discussion

Given the complexity of the vertebrate gut microbiota, it is
challenging to elucidate the ecological and evolutionary
interrelationships that shape communities. The aim of this
study was therefore to specifically characterize ecological
interactions among bacterial members that were the result of
their joint evolution in concert with the host. To achieve
this, we characterized, in a biogeographic context, two
bacterial lineages that not only closely co-associate in gas-
tric biofilms but are also host-specific, suggesting a stable
cohabitation over evolutionary timescales. Indeed, L. reu-
teri and species related to L. johnsonii were previously
isolated together from gut samples of prairie voles and
white-throated woodrats [16, 32]. In this study, we isolated
the same species combination from gut samples of wild
rodents that span three major clades of the order Rodentia
(Fig. 1). The phylogenetically wider host distribution of L.
reuteri suggests an evolutionarily earlier association of this
species with rodents that was later followed by an asso-
ciation with the common ancestor of L. johnsonii, L gasseri,
L. taiwanensis, and L. rodentium, and a long history of
cohabitation of the two thereafter. As demonstrated by our
phenotypic analysis of mono- and mixed-species biofilms in
the forestomach of mice, this common evolutionary history
of coexistence resulted in a commensalistic relationship
between L. reuteri and L. taiwanensis, in which the former
species facilitates colonization of the latter.

Although mutualism is common in multi-species bio-
films found in soil [33, 34], alga surfaces [35], oral cavity
[36], water pipes [37], respiratory tract [38], biliary stents
[39], and in food facilities [40], and cooperation has
recently been demonstrated within members of the gut
microbiota [41], our experiments clearly demonstrated that

the interrelationship between L. reuteri and L. taiwanensis
in mouse forestomach biofilms is based on commensalism.
Although less frequently reported, commensalism has been
found in biofilms formed by sewage [42] and soil microbes
[43] and also occurs in planktonic cells in liquid culture [44,
45]. Commensalistic interactions between microbes are
often based on metabolic exploitation, whereby the meta-
bolite from one organism is utilized by the other [46].
However, L. johnsonii 100-33 and L. reuteri 100-23 parti-
tion resources (maltose and glucose) in the mouse stomach
[22], and the distinct homofermentative and hetero-
fermentative metabolisms of these two species are likely to
be complementary [9]. Our experiments indicate that the
commensalism between L. taiwanensis and L. reuteri is
mediated through coaggregation, a key mechanism for the
formation of biofilms [47–50]. Coaggregation allows
L. taiwanensis to become integrated in the mixed-species
biofilm (Fig. 3), thereby increasing its cell numbers in the
forestomach (Fig. 2d). This unilateral beneficial interaction
is in agreement with a later arrival of L. taiwanensis as a
symbiont of the Myodonta, exploiting the presence of pre-
established L. reuteri to successfully colonize the host.

Interestingly, our experiments with strain combinations
from geographically isolated locations showed a reduction
in biofilm density among dual-species biofilms formed by
allopatric isolates of L. reuteri and L. taiwanensis compared
to sympatric pairings, which supports allopatric diversifi-
cation resulting in local co-adaptation. Allopatric diversifi-
cation in bacteria has so far only been inferred by sequence
data without any functional assessment of its consequences
[51, 52]. However, our findings clearly establish both
genomic evidence for allopatric diversification and its
phenotypic consequences. Considering that genetic drift
alone is limited in its power to generate distinct phyloge-
netic clusters [53], and that we detected genes subject to
differential selection between Scotland and France in both
L. reuteri and L. taiwanensis, our findings suggest that
region-specific phylogenetic clustering was likely the out-
come of local adaption [54]. Most importantly, the
increased ability of sympatric strain pairings to form dual-
species biofilms suggests that the interspecies interactions
of the two gut symbionts were the result of an adaptive
process that occurred during a joint evolutionary history
impacted by host-microbe biogeography.

Apart from providing insight into the evolutionary
interactions between of two bacterial members of gut
microbiota, the genomic analysis elucidated spatial factors
that shape the population diversity of bacterial gut sym-
bionts, which are likely to ultimately influence their evo-
lution within communities. Genetic variation within
populations can arise from dispersal limitation and local
adaptation [55]. Accordingly, genomic variation in both L.
reuteri and L. taiwanensis was lowest in strains isolated
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from the same host animal (intra-host), followed by isolates
from the same geographic region (inter-host), with the
highest diversity found when strains were isolated from the
two geographic regions (inter-region) were compared
(Fig. 4c). These findings indicate that both host and geo-
graphic separation pose dispersal barriers to gut microbes
that shape their evolution, with geographic isolation gen-
erating the highest genetic variation. Although inter-host
dispersal likely allows mixing of genotypes in the same
region, we observed reduced diversity within hosts when
compared to different hosts for both species. Intra-host
diversity among strains was nevertheless too high to be
driven solely by a founder effect (i.e., where an early
colonizer or superior competitor gains dominance within the
population of a particular host animal). Instead, the pattern
suggests that subpopulations of L. reuteri and L. taiwa-
nensis are retained within host lineages through familial
transmission. Maternally transmitted microbes that colonize
early in life could gain a fitness advantage over later arrivers
acquired by horizontal transmission due to priority effects
(e.g., niche preemption and monopolization) [56, 57]. This
could allow specific populations to dominate host lineages
over generations, ultimately causing the reduced genetic
diversity in individual mice (Fig. 4).

In summary, by establishing that cohabitation of biofilms
can result in facilitation between two vertebrate gut sym-
bionts, this study provides important basic information on
the eco-evolutionary interactions among gut microbes.
Facilitation between organisms is increasingly recognized
to underlie both evolutionary and ecological processes
within communities [58], but it has not been specifically
considered in gut ecosystems although it might be, together
with cooperation [41], a cause of the positive associations
detected in co-occurrence networks [59, 60]. Since inter-
actions among members do ultimately determine the
structure and function of entire communities, the findings
obtained here provide a possible mechanism that contributes
to the spatial and biogeographic patterns and characteristics
described for the gut microbiota in mice. Interspecies
interactions that arise during long-term joint evolution of
host-confined lineages such as L. reuteri and L. taiwanensis
could ultimately drive community profiles that correspond
to host phylogeny [3, 4, 7, 61]. It is interesting in this
respect that the factors that shape genomic diversity among
L. reuteri and L. taiwanensis (e.g., geographic distance and
familiar transmission) have also been shown to be among
the dominant factors that shape whole gut communities at
different scales [62, 63]. Our findings also have implications
for the development of strategies to modulate the micro-
biota, especially considering that probiotic strains rarely
engraft into gut microbiomes [64, 65]. Since facilitation can
create niches [58], engraftment may be greater in indivi-
duals who possess gut microbiota members that facilitate

colonization of the incoming probiotic strain, or that pro-
biotics should consist of strain mixtures that maintain
commensalistic or mutualistic relationships that potentially
enhance colonization ability [65]. Ultimately, only an
understanding of the basic ecological principles, which are
determined by interactions among community members,
will facilitate systematic modulation of the gut microbiome
to improve health.

Materials and Methods

Growth of bacteria

Bacteria were cultured anaerobically on modified MRS
(mMRS) medium (MRS supplemented with 10 g/L maltose
and 5 g/L fructose) at 37 °C unless otherwise noted.

Collection of gut samples from wild small mammals
in Lithuania

Between 14 and 27 August 2014, small mammals were
snap-trapped at five sites with diverse habitat in Lithuania,
all within 30 km of the capital city of Vilnius: a pasture/
young planted forest site, the edge of a bog, a regrowing
clear-cutting, a natural meadow, and a wheat field/meadow
boundary (Table S1). Traps were baited with bread soaked
in oil, set at dusk, and retrieved by 10:30 am the following
day. All trapped animals were placed in sterile bags and
kept in cool boxes filled with ice for transport to the lab.
In the lab, the animals were dissected and an ~1-cm section
of the jejunum removed. These were stored in RNALater
and placed in the fridge at the end of each day. Within
two weeks, the samples were spun down, the RNALater
decanted, and tissue sections stored at −80 °C before
culturing.

Digesta from zoo animals

The Edmonton Valley zoo, the Calgary zoo, The Greater
Vancouver Zoo, and the Assiniboine Park Zoo in Winnipeg
were contacted via email where institutional information
and a research proposal were exchanged. When required, a
requisition form for biological sample collection was com-
pleted. Once approved, fecal samples were collected during
zoo operations (Table S1). Containers were provided to the
zoo to collect 1–10 g of feces that was less than 24 h old.
The samples were only collected from an enclosure so long
as they could be traced back to a single species. Once
collected, the samples were frozen at −20 °C until over-
night shipment back to the lab for processing. Shipments of
samples were kept cool with either dry ice or shipping ice
blocks before culturing.
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Digesta from natural populations of house mice
from France and Scotland

Cecal samples from mice (Mus musculus domesticus) pre-
viously described [66] were obtained immediately after the
mice were euthanized, placed in liquid nitrogen, stored at
−80 °C and shipped frozen to the University of Nebraska
for processing. The French mice originated from a wild
mouse population sampled in the Massif Central (MC)
region of France in 2009 [62] that were subsequently bred at
the animal facility of the Max Plank Institute for Evolu-
tionary Biology. The sampled individuals came from the
third generation of breeding and were derived from separate
families/cages housed in the same room. Mice sampled in
Scotland were wild-caught [67].

Isolation of Lactobacillus spp. from gut samples

Lactobacillus spp. were isolated via plating on mMRS agar
and incubation at 37 °C anaerobically. Colonies were sub-
cultured to purity and identified by 16S rRNA gene ana-
lysis. All isolates from the zoo and wild animals were
sequenced. From the French and Scottish mice, 200 isolates
(25 from each mouse) were randomly selected. The
sequences were classified using the Ribosomal Database
Project [68] Seqmatch tool to determine the species identity
(Table S1).

Genome sequencing and assembly

Sixty-three isolates from eight mice (four each from Scot-
land and France) were selected for whole-genome sequen-
cing. We chose 3–5 isolates per mouse (dependent on
availability) and per bacterial species (L. reuteri and L.
taiwanensis) to allow a determination of intra-host, inter-
host and intra-region, and inter-region genomic diversity.
DNA was extracted using Qiagen Blood and Tissue kit from
overnight cultures, and sequencing was performed at the
Applied Genomics Core at the University of Alberta.
Libraries were prepared using the NexteraXT Index kit v2
and sequenced on an Illumina Miseq instrument. Pair-end
2 × 300 bp sequences were generated. Paired-end reads
from each isolate were trimmed and error-corrected using
the BayesHammer program [69] and assembled using
SPAdes version 3.1.1 [70]. The SPAdes assembly option
“careful” was used with the k-mer lengths 21, 33, 55, 77,
99, and 127, as recommended in the SPAdes documenta-
tion. The resulting contigs were assessed for size and gene
content using QUAST [71]. BBMap [72] was used to map
raw reads back to contigs, to determine percent coverage
and average fold coverage. A complete collection of RefSeq
prokaryotic sequences was downloaded from NCBI using
the Entrez query 'nucleotide genome[Filter] AND (bacteria

[Filter] OR archaea[Filter]) AND refseq[Filter] NOT wgs
[Filter]' and each contig was compared to the collection
using megablast from the blast-2.2.26 package [73] and an
e-value threshold of 1e-12. Genome sequences were
deposited in NCBI under BioProject PRJNA384810.

Multi-locus sequence typing (MLST)

MLST was performed using three shared hypothetical genes
described previously [21]. Published gene sequences from
the type strains of L. johnsonii, L. taiwanensis, and L.
gasseri were downloaded from NCBI. Gene sequences were
extracted from the genomes of our isolates which were
identified as L. johnsonii by 16S rRNA gene sequence
analysis. Sequences from all strains were aligned with
MAFFT, and phylogenetic trees were generated using
MrBayes 3.2.6 [74] under GTR+ I+G model. The ana-
lysis was repeated 10,000,000 times until average standard
deviation was below 0.01. The tree was visualized using
Interactive tree of life (iTOL) v3.

Genomic analyses

The genomes were annotated using Prokka 1.11 [75] and
the core genome alignment were extracted using Roary
3.6.1 [76]. SNPs were extracted from core gene alignment
using SNP-sites [77]. Genes with evidence for recombina-
tion were detected using GENECONV 1.81a [78] and
removed from the core genome. Phylogenetic trees of
concatenated core genes were generated using MrBayes
3.2.6 [74] under GTR+ I+G model, with 10,000,000
generations, sampling every 5,000th generation with 4
heated chains and a burn percentage of 25%. The analysis
was repeated 10,000,000 times until average standard
deviation was below 0.01. Coalescent trees were inferred
with ASTRAL [79].

Genes with divergent selection was detected with clade
model C in PAML 4.9a [80]. The model pairs for each gene
were statistically evaluated for significance by likelihood
ratio tests (LRT) with a χ2 distribution. The resulting tree
was visualized using FigTree 1.4.3 [81]. Pairwise ANI and
AAI was calculated using ANI/AAI-Matrix calculator from
the enveomics toolbox collection [82]. Statistical clustering
was performed using Bayesian analysis of population
structure (BAPS) [83].

Mouse experiments

Mouse experiments to test for synergy during in vivo bio-
film formation (Fig. 2) were performed with approval of the
Institutional Animal Care and Use Committee of the Uni-
versity of Nebraska-Lincoln (Project ID 731). Cultures used
for oral gavage were prepared by growing L. reuteri strains

2780 X. B. Lin et al.



for 16 h. The optical density of all strains was adjusted to
three. Cells were recovered by centrifugation at 4000 rpm
for 5 min and resuspended in phosphate-buffered saline.
Cultures for dual-species association were prepared by
mixing equal volume of culture of each species. Germ-free
Swiss Webster mice (6–10 weeks of age, male and female)
were bred and maintained under gnotobiotic conditions at
the University of Nebraska-Lincoln Gnotobiotic Mouse
Facility. Immediately prior to each experiment, mice were
moved from flexible-film isolators into sterile, individually
ventilated, positive-pressure biocontainment cages (Allen-
town Inc., Allentown, NJ, USA). Mice were housed toge-
ther by treatment (n= 5–7 per treatment), and each mouse
was gavaged with 100 μl of a cell suspension containing 108

viable cells. After 48 h of colonization, mice were sacrificed
by CO2 asphyxiation. The forestomach was removed, and
the tissue was separated from the digesta, washed with PBS,
and divided into two sections. One section is stored in PBS
for plating and the second section was stored in 3% for-
malin/phosphate-buffered saline at 4 °C until usage for
confocal microscopy.

Mouse experiments for FISH analysis (Fig. 3) were
performed with approval of the Institutional Animal Care
and Use Committee of the University of Alberta (Project ID
2099), using the same mouse strain and procedures as
described above with six mice per treatment. Strains L.
taiwanensis 111z and L. reuteri 111 v (Table S1) were used
for single- and dual-species inoculation. Forestomach tis-
sues were harvested after two days and fixed in Carnoy’s
solution for 6 h before embedding in paraffin.

Visualization and quantification of biofilms in the
mouse forestomach by confocal microscopy

Confocal microscopy was performed as described pre-
viously [13] at University of Nebraska Lincoln. Briefly,
fixed forestomach tissues were transferred to fresh PBS and
immersed for 20 minutes for three times to remove residual
methanol. Tissues were stained in 5 mg/mL propidium
iodide in PBS for 10 min and washed in PBS to remove
excess dye and mounted on glass coverslips in Fluorogel
(Electron Microscopy Sciences, Hatfield, PA USA) sus-
pended by a CultureWell chambered cover glass (Grace
Biolabs Bend, OR USA). Samples were imaged with an
Olympus FV500 Confocal Laser Scanning Microscope
using an Olympus Ix81 inverted microscope (Olympus,
Center Valley, PA, USA). Series of z-axis confocal optical
images were collected by a technician with no knowledge of
sample identities from three random sites of the forest-
omach tissue with a 606 oil lens using the dual excitation
and emission mode (excitation laser lines: 488 nm and 543
nm, emission filters: 525 nm and 600 nm, respectively).
Biofilm area was quantified by determining the area

occupied by bacteria stained with propidium iodide using
600 nm red fluorescence while background fluorescence
was measured at 525 nm. For each sample (three per
mouse), z-stacks were compressed into 2-dimensional
images analyzed using a method described previously
[13]. ImageJ [84] was used to quantify biofilm formation by
determining the red-channel pixel area in images captured
from three separate fields of view per individual sample
(which results in a total area of 0.144 mm2 per mouse). The
autofluorescence of the mouse forestomach tissue at 525 nm
was captured as background and removed.

Characterization of mixed-species biofilm structure
by Fluorescence in situ hybridization (FISH)

FISH was performed as described previously [85] with
modifications. Briefly, for in vitro validation of probes,
bacteria were grown in MRS broth at 37 °C to reach OD600

0.6. Cells were washed with PBS, fixed with PFA for 4 h,
and stored in 50% ethanol for further use. Cells were fixed
on super-frosted slides, permeabilized by treating with 100
mg/mL lysozyme (buffer: 10 mM Tris-HCl+ 1 mM EDTA,
pH= 7.36) at 37 °C for one hour [86]. The samples were
then washed in distilled water and dehydrated in increasing
percentage of ethanol. Embedded forestomach tissues were
sectioned into 10-μm slices and transferred to super-frosted
slides. The samples were washed three times in xylene to
remove paraffin and rehydrated by washing in a succession
of 100%, 80%, and 60% ethanol. Subsequent permea-
blization and washing steps were identical as described
above for bacterial cells.

The hybridization was carried out with species-specific
probes (Table S2) at 50 °C for 2 h and washed in washing
buffer at 52 °C, for 1 h. Subsequently, the slides were
submerged in quenching solution (10 mM Cupric Sulfate,
50 mM Ammonium Acetate Buffer, pH 5.0) for 60–90
minutes [87]. After quenching, the slides were rinsed with
distilled water and air-dried. Samples were stained with
DAPI, and a drop of FluorSaveTM Reagent (Millipore,
Canada) was added before covering with coverslips. The
slides were visualized with Olympus IX-81 (Olympus,
Center Valley, PA, USA) and the images were processed
with Volocity 6.3 (PerkinElmer Inc., USA).

Biofilm formation in microplates

Cultures at log phase (OD600= 0.5) were inoculated into
1.5 mL of MRS at 1% individually or in combination with a
second strain in Corning® Costar® TC-Treated Multiple
Well Plates (Corning Inc., Canada) in eight independent
biological replicates. The plates were incubated for 24 h at
37 °C with shaking at 200 rpm. The supernatant was
removed and the remaining attached biofilm was
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photographed before being resuspended with 2 mL of
phosphate-buffered saline. The suspended cultures were
used for OD600 measurement and quantitative culturing on
MRS agar. Strains in mixed biofilms were differentiated by
colony morphology.

Aggregation assay

Cell aggregation of bacterial strains was determined as
described previously [88, 89] with modifications in three
independent biological replicates. Bacterial strains were
grown for 18 h at 37 °C in mMRS broth. The concentration of
the cells were normalized to an OD600 of three, harvested by
centrifugation at 5000× g for 5 min, washed once with PBS,
and resuspended in proteinase digestion buffered (50mM Tris
Cl, 10mM EDTA, pH 8). If used, Proteinase K solution
(Qiagen, Canada) was added at 10 μL/mL and the cell sus-
pensions were incubated at 37 °C for 1 h. The cells with and
without proteinase digestion were harvested by centrifugation,
washed once with PBS, and resuspended in PBS to the ori-
ginal volume. Equal volume of each strain was used to pre-
pare mixtures. A volume of 1.5 mL of each cell suspension
was mixed by vortexing for 10 seconds. Auto- and coag-
gregation were determined after 1 h of incubation at room
temperature. At the beginning and end of the incubation, 50
μL of the upper suspension was used to measure OD600 in 96-
well plate with spectrophotometer. The aggregation percen-
tage is expressed as: 1 − (At/A0)*100, where At represents
the absorbance at 1 h and A0 the absorbance at 0 h [89].

Statistics

Statistical analyses were carried out using Graph Pad Prism
5 (GraphPad Software, Inc., California). Comparisons
between single- and dual-species treatments were performed
by unpaired Student’s t-test. Comparisons among more than
three groups were performed with one-way ANOVA and
Tukey’s multiple comparison test.
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