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Abstract
Microbial communities primarily consist of multiple species that affect one another’s fitness both directly and indirectly.
This study showed that the cocultivation of Paenibacillus amylolyticus and Xanthomonas retroflexus exhibited facultative
mutualistic interactions in a static environment, during the course of which a new adapted phenotypic variant of
X. retroflexus appeared. Although the emergence of this variant was not directly linked to the presence of P. amylolyticus, its
establishment in the coculture enhanced the productivity of both species due to mutations that stimulated biofilm formation.
The mutations were detected in genes encoding a diguanylate cyclase predicted to synthesise cyclic-di-GMP. Examinations
of the biofilm formed in cocultures of P. amylolyticus and the new variant of X. retroflexus revealed a distinct spatial
organisation: P. amylolyticus only resided in biofilms in association with X. retroflexus and occupied the outer layers. The
X. retroflexus variant therefore facilitated increased P. amylolyticus growth as it produced more biofilm biomass. The
increase in X. retroflexus biomass was thus not at the expense of P. amylolyticus, demonstrating that interspecies interactions
can shape diversification in a mutualistic coculture and reinforce these interactions, ultimately resulting in enhanced
communal performance.

Introduction

Several studies have examined how bacterial species adapt
and shown how bacterial genotype and phenotype change in
monospecies cultures [1–5]. Nevertheless, there is limited
empirically-based information on how the inclusion of
additional species affects this adaptive process. The acqui-
sition of such knowledge should be a priority, as it is widely
acknowledged that almost all bacteria reside alongside other
species in their natural environment. It has been demon-
strated that when multiple species co-exist in biofilms,
interspecies interactions result in emergent activities and
functions, thus making the study of whole communities

highly relevant [6–9]. It is thus to be expected that the
inclusion of more species will affect adaptation of the
individual species [10]. By using a small spatial scale and
the rapid generation time of bacteria, coexisting species can
be examined for several generations within a relatively short
timeframe. This provides the possibility of examining
intraspecies and interspecies adaptation to interactions in a
community. Interspecies bacterial interactions are often
categorised into two broad categories as either cooperation
or competition. Several studies have in detail described
these interactions, and their functional implications [11–14].
Especially competition between microorganisms has drawn
extensive attention and has been suggested to dominate over
cooperation in microbial communities [15].

In monospecies populations, intraspecific variation
(phenotypic and/or genotypic) may result in competition
between the distinct variants [16, 17]. Models have
shown how the production of extracellular polymeric sub-
stances can be a strong competitive advantage in biofilm
[18]. Such intraspecific variation is not yet well understood
in multispecies communities, although it has been suggested
to influence interspecies interactions across a wide range
of biological systems [19–22]. Living in multispecies
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communities has been found to affect the productivity and
evolution of the individual species [23]. The present study
examined the interplay between interspecies and intraspe-
cific interactions, and their effect on facultative mutualism
over time. Mutualism is defined as reciprocal positive
interactions between species resulting in a net positive
effect for all participants [24, 25]. In facultative mutualistic
interactions, the partners can exist and divide individually,
whereas organisms in an obligate mutualistic interaction
cannot grow without each other [26]. A recent study has
suggested that mutualism is ubiquitous in natural environ-
ments and is an important driver of evolution [27].

In the present study, co-cultures of Xanthomonas retro-
flexus and Paenibacillus amylolyticus were used, originally
co-isolated from the surface of a decomposing leaf [28].
The two species were cocultivated to examine whether the
relationship would remain stable over a period of time and
whether cocultivation would affect diversification. We
found that cocultivation reinforced the mutualistic interac-
tion, as productivity of both strains was enhanced; This was
linked to an evolved wrinkled phenotype of X. retroflexus
and the biofilm setting, allowing close association between
the two species.

Materials and methods

See supplementary information for an extended description
of the experimental procedures.

Bacterial cultivation

All bacterial isolates were stored at −80 °C in ∼20% gly-
cerol. Strains from freeze-stock were streaked on plates of
Tryptic Soy Broth (TSB; 17 g pancreatic digest of casein, 3 g
papaic digest of soybean meal, 5 g sodium chloride, 2.5 g
dextrose, 2.5 g dibasic potassium phosphate in 1 L distilled
water, pH 7.3) complemented with 1.5 % agar (TSA) when
needed. One colony was used per biological replicate.

Evolution experiments

Cultures in the exponential phase were diluted to an optical
density (OD) of 0.15 at 600 nm prior to usage. Experiments were
conducted in 24-well plates, which were incubated at
24 °C without shaking. X. retroflexus and P. amylolyticus
were grown as both monocultures and cocultures. Every other
day the content of each well was homogenised and a small
fraction of the volume (1%) was transferred to a new well (Suppl.
Fig. 1). On selected days the well content was plated on TSA
plates complemented with 40 µg/mL Congo Red and 20 µg/mL
Coomassie Brilliant Blue G250. Plates were incubated for 48 h at
24 °C before colony-forming units (CFU) were counted.

Swimming assay

Swimming plates were prepared 1 h before inoculation of
the strains from half TSB complemented with 0.3% agar
(Teknova). Plates were inoculated with 2 µL of the 5 mL
overnight cultures, adjusted to OD600 of 0.5 and incubated
at 24 °C at high humidity.

Full genome sequencing

DNA was extracted from overnight cultures using the
Qiagen DNeasy Blood & Tissue kit (Qiagen, cat. no.
69504). The whole-genome sequencing library was pre-
pared using the Nextera XT DNA library preparation kit
(Illumina, USA) and subsequently quantified by fragment
analyser™ (Advanced Analytical Technologies Co.).
Sequencing was performed as 2 × 250-base paired-end
reads using the Illumina MiSeq platform (Illumina). Data
were analysed using CLC Genomic Workbench V7.5.1
(CLCBio). Obtained reads were trimmed and normalised.
Raw reads from sequenced phenotypic variants were
uploaded to The European Nucleotide Archive (ENA) X.
retroflexus PRJEB18990 and P. amylolyticus PRJEB18991.
The de novo assembly of the ancestral X. retroflexus was
annotated by Rapid Annotation using Subsystem Technol-
ogy (RAST) service and the annotated genome can be
accessed via ENA PRJEB18431 [29–31].

Construction of strains

mCherry was introduced into the X. retroflexus strains using
the mini-Tn7 system, following the general procedures
described by Choi and Schweizer [32]. Insertion of
PlppmCherry-Tc

R (via pUC18T-miniTn7-PlppmCherry-Tc
R)

into the chromosome of the X. retroflexus strains was ver-
ified by flow cytometry, florescence microscopy, and the
absence of plasmid DNA (Plasmid mini AX kit, A&A
Biotechnology). gfp was introduced into P. amylolyticus via
plasmid pCM20 (kindly provided by Prof. Søren Molin)
[33]. P. amylolyticus was made electrocompetent according
to the procedure described by Rosado et al. [34] with a few
modifications. Selection was performed on TSA plates
containing 10 µg/ml ERY for 48 h at 30 °C. Successful
introduction of pCM20 into P. amylolyticus was verified by
flow cytometry and florescence microscopy.

pUC18T-miniTn7-PlppmCherry-Tc
R was generated as

follows: PlppmCherry was amplified by PCR and pUC18T-
miniTn7-lacIq-PlppmCherry-Km

R as the template. This PCR
product and a pUC18T-miniTn7-KmR [32] derivative were
digested with SacI and HindIII. The two fragments were
fused together by T4 ligation, generating pUC18T-
miniTn7-PlppmCherry-Km

R, which was transformed into
electrocompetent Escherichia coli Genehogs (Invitrogen)
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cells and selected. The TcR gene was amplified by PCR and
pBR322 [35] as the template. This PCR product and
pUC18T-miniTn7-PlppmCherry-KmR were digested with
SpeI and SacI and subsequently fused by T4 ligation,
generating pUC18T-miniTn7-PlppmCherry-TcR, which
was transformed into electrocompetent E. coli Genehog
cells and selected.

Construction of CDS2260 knockout mutant

A mutant of XR-Wa lacking CDS2260 was constructed
(XR-Wa-ΔCDS2260::TcR) by allelic exchange utilising the
pEX18 based system as described by Hmelo et al. [36].
Flanking regions of CDS2260 were amplified by PCR using
X. retroflexus as template (5ʹ-CTATCTGAGCTCTGCAT
CGCTTGTTCTCCAAC-3ʹ in combination with 5ʹ-
GGAGAACTGTGAATGCGCAAGGTCCACACGTCGA-
TGG-3′ and 5′-TCTTGAAGACGAAAGGGCCT-GTTG
TACCGTGCGAAGAGTG-3′ in combination with 5′-
CTACTATCTAGAGTGGTGGATGTTGAAACCG-3ʹ).
TcR was amplified using pBR322 [35] as template (5′-
CACTCTTCGCACGGTACAACAGGCCCTTTCGTCTT-
CAAGA-3′ in combination with 5′-CCATCGACGTGTG-
GACCTTGCGCATTCACAGTTCTCC-3′). The three PCR
fragments were fused by second-round SOE PCR using
primers with overhangs, introducing SacI and Xbal restric-
tion sites (5′-CTATCTGAGCTCTGCATCGCTTG
TTCTCCAAC-3′ in combination with 5′-CTACTATCTA-
GAGTGGTGGATGTTGAAACCG-3ʹ). The SOE PCR
product was introduced into pEX18ApGw digested with
SacI and Xbal [37]. The pEX18Ap-ΔCDS2260::TcR plas-
mid was then transformed into E. coli GeneHogs® (Thermo
Fisher Scientific) and subsequently introduced into XR-Wa.
The resulting deletion mutants were selected on LB medium
supplemented with 60 μg/mL tetracycline and sucrose 5%.

Cultivation in a planktonic environment

Cultures in the exponential phase were diluted to an OD600

of 0.15 and used to inoculate glass tubes, which were then
incubated for 24 h while shaking at 250 RPM at 24 °C.
Following incubation, the content was plated on TSA plates
complemented with 40 µg/mL Congo Red and 20 µg/mL
Coomassie Blue to allow for cell counting of both mor-
photypes. Plates were incubated for 48 h at 24 °C before
counting CFU.

Crystal violet biofilm formation

A Calgary Biofilm Device was used to quantify biofilm
formation under static conditions [38] based on the protocol
previously used for these strains [39]. Cultures in the
exponential phase were adjusted to an OD600 of 0.15 in TSB

and then inoculated into 96-well plates. For the supernatant
experiment, supernatant from P. amylolyticus was used
(see supplementary information for details). The plates were
then covered with a lid with pegs extending into the wells
(Nunc-TSP, Termo Scientific). After 24 h of incubation at
24 °C, the pegs were washed in phosphate-buffered saline
before the biofilm was stained in 1% crystal violet for 20
min followed by washing. The peg lids were then placed in
a fresh microtitre plate with 96% ethanol in the wells and
the absorbance of Crystal violet at OD590 nm was measured.

Biofilm cultivation using the BioFlux device

The ancestral X. retroflexus and the wrinkled phenotypic
variant were tested individually and in cocultures with P.
amylolyticus to observe biofilm formation in the
BioFlux™ 1000 device (Fluxion Biosciences, South San
Francisco, CA). A BioFlux 48-well plate was inoculated
with overnight culture adjusted to 0.1 OD600 and allowed to
attach for 30 min. The flow was started at 0.15 dyn cm2,
yielding a flow rate of 13 µl/h, and running for 48 h at 24 °C
in TSB. Image acquisition of the biofilm was performed
with a CLSM (LSM800, Zeiss, Germany) equipped with a
20 × objective.

Image processing and analysis

The acquired CLSM images were segmented in Fiji and the
background signal defined by a threshold set, before the
image was saved as a binary mask for analysis of the spatial
localisation of each species [40]. Biomass quantification,
3D aggregate estimation and co-localisation calculations
were performed using the “R” statistical programming
language [41]. The algorithms were included in the
RCon3D package published on GitHub [42] (www.github.
com/Russel88/RCon3D version 1.1). Simulated fluores-
cence projections and vertical cross-sections for the biofilm
were performed with IMARIS software (Bitplane AG,
Switzerland).

Statistical analysis

All statistical analyses were performed using R 3.4.3 [41] in
RStudio [43]. CFU counting was undertaken in triplicates
that were averaged prior to analysis. Unless otherwise sta-
ted, all the experiments were analysed with linear mixed-
effect models [44], in which the replicas were incorporated
as random intercepts. Growth curves were analysed with
standard linear regression by subsetting data to only the
exponential phase (manually), and afterward testing slopes
of log-transformed OD measurements with an interaction
between hours of growth and the isolate. ANOVA with
post-hoc Tukey test was used to test whether mono-cultures
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were different in the crystal violet assay. To test whether
co-cultures in the crystal violet assay differed from the sum
of the mono-cultures, a linear model was used with the
intercept set to zero and the log ratio of co-culture/mono-
culture as the response.

Results

The impact of continuous co-cultivation on
mutualistic interactions

When X. retroflexus (denoted XR) and P. amylolyticus
(denoted PA) were cocultured, they formed a mutualistic
relationship (Fig. 1) (see Suppl. Table 1 for denotation of
strains used): The cell counts of each of the two strains were

significantly increased in cocultures compared with mono-
cultures, namely by 105% for XR and 65% for PA (XR
P < 0.001 and PA P < 0.001) (Fig. 1a, b). This was not the
case when grown as shaken cultures (Suppl. Fig. 2). Fewer
CFUs of XR were found in samples from shaken cocultures
with PA compared with shaken monocultures of XR. Only
PA benefited from coculturing with XR in shaken cultures
(P= 0.0493 for PA with XR). Thus, the observed mutual-
ism between the two species only occurred under static
conditions (Fig. 1). Next, the stability of the mutualistic
interaction was examined over time. We chose an experi-
mental design, in which we did not select for either
planktonic or the biofilm mode of growth, as all cells in the
wells (planktonic, surface associated and pellicle) were
mixed and a fraction was transferred. This design was
chosen in order to ensure that there was no selection for a

Fig. 1 Co-cultivation of two
facultative mutualists. Cell
numbers of X. retroflexus in
monocultures and cocultures
with P. amylolyticus. a, b The
facultative mutualism between
the two species after two days.
There was a significant increase
of X. retroflexus in cocultures
compared with monocultures
(P < 0.001) and also a significant
increase of P. amylolyticus in
cocultures compared with
monocultures (P < 0.001).
c, d The facultative mutualism
between the two species was
maintained after 8 days of
cocultivation in the static
environment (X. retroflexus
P < 0.001 and P. amylolyticus
P < 0.001). Boxplots are Tukey
style and P-values are from a
linear mixed-effect model. Data
are based on 25 biological
replicates from three separate
experiments (n= 25)
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specific phenotype directly associated with a sessile or
motile lifestyle. The timeframe between transfers corre-
sponded to approximately seven generations. After
approximately 26 generations for XR and 21 generations for
PA (day 8), the mutualistic relationship in the co-cultured
community was still observed, with respectively 24% and
28% higher cell numbers of XR and PA in coculture
(Fig. 1c, d) (XR P < 0.001 and PA P < 0.001). This shows
that the facultative mutualistic interaction between XR and
PA persisted during a prolonged period of coexistence.

Emergence of wrinkled colony variants

The colony morphology was examined at day 8 and day 16
to identify phenotypic (and possibly genotypic) variants and
to compare monocultures and cocultures. Twenty-five bio-
logical replicates of monocultures and cocultures were
screened for new phenotypic variants (75 biological repli-
cates in total). After 8 days of cocultivation, a wrinkled
phenotypic colony variant of X. retroflexus (denoted XR-W)
was observed. The phenotypic wrinkled variant emerged in
both monocultures and cocultures with P. amylolyticus,
indicating that the appearance of this variant was not
dependent on the presence of PA. The wrinkled phenotype
was observed in 20 of the 25 biological monoculture
replicates and in 21 of the 25 coculture replicates. Yet at day
16 the cell counts of the wrinkled X. retroflexus variant had
significantly increased in the cocultures (>10-fold more at
day 16 compared with day 8), whereas no change from day
8 to day 16 was observed in the monocultures (P= 0.001
and P= 0.748, respectively). All the biological replicates of
the cocultures at day 16 (25 of 25) contained the wrinkled
variant, whereas only 18 of the 25 monocultures did so
(Suppl. Fig. 3), indicating that the presence of PA positively
selected for the wrinkled variant of X. retroflexus between
day 8 and day 16.

Identification and interactions of the wrinkled
colony variant

The higher frequencies of wrinkled colony variants
observed in cocultures at day 16 led to an examination of
the interaction between this phenotypic variant and PA,
since the new phenotypic variant could be expected to
destabilise the interaction by ensuring a better spatial
position for XR in a pellicle; a biofilm formed at the
air–liquid interface in static cultures. A wrinkled X. retro-
flexus colony variant (denoted XR-Wa) that was found in
particularly high frequencies in one of the coculture repli-
cates was isolated for further studies. We found that
monocultures of XR-Wa exhibited an increase in cell
numbers compared with the ancestral XR after 2 days of
growth (P < 0.001) (Fig. 2a).

As an additional control, a derived X. retroflexus isolate
(denoted XR-D) and a derived P. amylolyticus isolate
(denoted PA-D), defined by having a similar colony
morphology to the ancestral strains, were isolated from the
coculture at day 8 to examine if they retained their original
characteristics. Moreover, XR-D and PA-D were isolated
in order to dismiss potential adaptation and optimisation
towards growth in the media. Thus ancestral XR and
PA strains were compared with XR-D and PA-D: No
differences in growth rates were found for either XA-D
(P= 0.645) or PA-D (P= 0.471) (Suppl. Table 2). The
mutualistic relationship was also confirmed for the derived
variants, as both XR-D and PA-D benefitted from cocul-
tivation with PA and XR, respectively (Suppl. Fig. 4). In
addition, it was confirmed that PA and PA-D did not differ

Fig. 2 Ancestral vs. wrinkled X. retroflexus: The wrinkled variant
reinforced the mutualistic interaction. a Cell numbers of X. retroflexus
in mono and coculture with P. amylolyticus after 2 days. XR was
found in lower numbers in monocultures compared with the wrinkled
XR-Wa (P < 0.001). Colony phenotypes of XR (right) on TSA and
wrinkled XR-Wa on Congo Red plates (left). b In the coculture with P.
amylolyticus both XR and XR-Wa benefited significantly from
cocultivation with P. amylolyticus (Both P < 0.001), resulting in sig-
nificantly higher CFU for XR-Wa than XR (P < 0.001). b Cell num-
bers of P. amylolyticus in monoculture and coculture with X.
retroflexus. Ancestral P. amylolyticus reached the same cell numbers
as the evolved P. amylolyticus (P= 1.0) in monoculture. The coculture
with derived P. amylolyticus and XR-Wa reached a higher biomass
than the coculture with both ancestral strains (P < 0.001). Boxplots
are Tukey style. P-values are from a linear mixed-effect model.
Data based on nine biological replicates from two separate experi-
ments (n= 9)
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in terms of productivity (P= 1.0). Cell counts of wrinkled
XR-Wa in cocultures with PA were significantly higher
than the cell counts of XR in the cocultures containing XR
and PA, showing a 58% increase (Fig. 2a) (P < 0.001). The
same was true when using PA-D in the coculture with XR-
Wa, yielding a 49% increase (P < 0.001). Both PA-D and
PA also increased additionally in cell numbers when
cocultured with XR-Wa, by 96% for PA and by 69% for
PA-D compared with the ancestral community with PA
and XR (PA-D P < 0.001 and PA P < 0.001) (Fig. 2b).
These results indicate that the facultative mutualistic
relationship was not only retained in the derived coculture
composed of wrinkled XR-Wa and PA-D, but was in fact
reinforced as the productivity of both species was
enhanced.

To confirm whether the increased productivity would
remain stable for multiple generations, the different com-
binations were cultivated for 8 days (Fig. 3). This showed
that the increased productivity of cocultures with XR-Wa
(P < 0.001) and PA-D (P < 0.001), compared with cocul-
tures with XR and PA, remained stable for the duration of
these experiments. The percentage increase was 37% for
XR-Wa with PA-D and 90% for PA-D with XR-Wa com-
pared with XR with PA during the same time period.

Characterisation of wrinkled X. retroflexus colony
variants

A high degree of variance was found in the proportions of
the wrinkled X. retroflexus phenotypes among the biologi-
cal replicates after 16 days of cocultivation (Suppl. Fig. 3).
It was speculated that this could indicate difference in
abilities of the individual wrinkled strains to establish in the
coculture. Therefore, the growth and fitness of isolates with
the wrinkled phenotype from two additional biological
replicates were examined (denoted XR-Wb and XR-Wc).
XR-Wb and XR-Wc were chosen because they were both
present in smaller proportions than the efficient XR-Wa
strain in the individual biological replicates. In addition, the
colony morphology of XR-Wc was similar to XR-Wa,
while the wrinkledness of XR-Wb was less pronounced
(Suppl. Fig. 5). We speculated that this difference might
influence the interaction in the coculture. The two pheno-
typic variants were, therefore, cocultured with both PA and
the co-isolated derived P. amylolyticus isolates (denoted
PA-Db and PA-Dc). The cell counts from cocultivating
XR-Wc with either PA-Dc or PA were similar to those of
XR-Wa in coculture, as these increased in coculture (with
PA-Dc P= 0.006 and PA P < 0.001) (Suppl. Fig. 6a). Cell

Fig. 3 Ancestral vs. wrinkled X. retroflexus: The facultative mutua-
listic interaction is stable over time. a+ b Cell numbers of X. retro-
flexus in monoculture and coculture with P. amylolyticus after 8 days
of growth. a XR was found in lower numbers in monocultures com-
pared with the wrinkled XR-Wa (P < 0.001). b In the coculture with P.
amylolyticus both XR and XR-Wa benefited significantly from
cocultivation with P. amylolyticus (Both P < 0.001), resulting in sig-
nificantly higher CFU for XR-Wa than XR (P < 0.001). c+ d Cell

numbers of P. amylolyticus in monoculture and coculture with X.
retroflexus after 8 days of growth. c PA reached the same cell numbers
as the derived PA-D (P= 0.934) in the monoculture. d The coculture
with PA-D and XR-Wa reached higher biomass than the coculture
with both ancestral strains (P < 1 × 10−5). Means and SEM are shown.
P-values are from linear mixed-effect model. Data based on nine
biological replicates from two separate experiments (n= 9)
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numbers of both P. amylolyticus variants were also higher
when cocultured with XR-Wc (Suppl. Fig. 6b). Cell num-
bers of XR-Wb meanwhile were similar to those of the
ancestral X. retroflexus (PA-Db P= 1.0 and PA
P= 0.372) (Suppl. Fig. 6a). However, P. amylolyticus still
benefited more from cocultivation with XR-Wb compared
with the ancestral X. retroflexus (with PA-Db P= 0.007 or
with PA P= 0.016) (Suppl. Fig. 6b). This shows that the
different wrinkled variants (XR-Wa, XR-Wb and XR-Wc)
did not benefit equally from interacting with P. amylolyticus
(Fig. 3, Suppl. Fig. 6), which may explain the observed
variance in the ratios of ancestral and wrinkled variants in
the experimental replicates.

The wrinkled phenotypic variants of X. retroflexus were
genome-sequenced to characterise their genotypes, along
with three additional wrinkled X. retroflexus isolates ori-
ginating from other replicates to provide a more substantial
sample cohort (XR-Wd, XR-We and XR-Wf). Mutations
were identified in all isolates with the wrinkled phenotype
(Suppl. Table 3). All of the strains carried mutations in
diguanylate cyclase (DGC)-encoding genes predicted to
synthesise the second messenger cyclic di-GMP (c-di-
GMP), based on the presence of GGDEF domains with
conserved active sites. The mutations in c-di-GMP DGC
genes were all found outside regions that encoded identi-
fied conserved protein domains and none were nonsense
mutations. In all X. retroflexus XR-W strains, with the
exception of XR-Wb, mutations were identified in CDS
2260, but each one was unique. The mutated c-di-GMP
DGC-encoding gene of XR-Wb was CDS 300. Hence,
none of the mutations were predicted to disrupt the active
GGDEF site or terminate expression of the respectable
DGC.

To examine if this mutation was linked to the observed
phenotype, we constructed a knockout mutant in which the
CDS 2260 gene was deleted from XR-Wa. This resulted in
the colony morphology phenotype similar to the ancestral
XR, which confirmed the linkage of the mutations to the
shift in phenotype. As increased wrinkledness on Congo
Red plates is often linked to increased biofilm forming
ability and reduced motility, this was further assessed.
When tested on swimming agar plates, XR-Wa exhibited
reduced swimming activity compared with XR (Suppl.
Fig. 7) as expected. Reduced motility was also observed for
XR-Wc, but not for XR-Wb, further emphasising that the
different mutations resulted in different phenotypes typi-
cally regulated via c-di-GMP. In accordance, we found that
pellicle biofilms formed at the air–liquid interface of static
cultures, were denser amongst XR-Wa compared with XR
cultures (Suppl. Video). Interestingly, in the presence of P.
amylolyticus, a thicker pellicle formed than when X. ret-
roflexus was cultured alone. When coculturing both the
wrinkled and ancestral X. retroflexus variants with P.
amylolyticus (XR, XR-Wa, and PD), 76% of the pellicle
was dominated by XR-Wa, compared with 24% for XR and
only 0.1% for PA-D.

Wrinkled colony variants of X. retroflexus increased
biofilm formation and surface attachment

To examine the ability of the individual strain to form
biofilm, the biofilm-forming capability of XR was com-
pared with that of the wrinkled variant in a static biofilm
assay where the biofilm formed on pegs and was quantified
by crystal violet staining (Calgary device). Contrary to our
expectations, no differences were found between

Fig. 4 Biofilm formation under static conditions. Biofilm formation
under static conditions in the Calgary device using crystal violet to
assess biofilm formation after 24 h of growth in TSB media. a Mono
species biofilm formation. Boxplots are Tukey style. b Data points
above the line represent cocultures that are performing better than the
sum of their mono species biofilms. This biofilm induction was higher

when XR-Wa, XR-Wb or XR-Wc was cocultured with PA than when
XR was cocultured with PA (P < 0.001, P= 0.005 and P < 0.001,
respectively). Data based on 20, 12, 11, and 11 (XR, XR-Wa, XR-Wb,
and WR-Wc) biological replicates each with four technical replicates.
Means and SEM are shown
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monospecies biofilm biomass production of XR and the
three wrinkled phenotypes (XR-Wa, XR-Wb and XR-Wc)
(Fig. 4a).

XR and the wrinkled variants were also cocultured with
PA in the Calgary device. A similar biofilm biomass was
observed for the coculture with XR compared with the sum
of the two monospecies cultures (P= 0.511) (Fig. 4b).
However, overall, biofilm production of cocultures con-
taining the wrinkled X. retroflexus variants was significantly
enhanced, with increases ranging from 97 to 189%
(P < 0.001 for XR-Wa, XR-Wb or XR-Wc with PA). We
observed a biofilm inducing effect on XR-Wa, when adding
spent supernatant of PA, where biofilm production equalled
levels produced in the presence of PA cells (Suppl. Fig. 8).
This effect was not observed when adding spent PA
supernatant to the ancestral XR.

To further characterise the mutualistic interaction,
cocultures of PA+XR-Wa and PA+XR-Wb were grown
in shaken cultures. As pellicles do not form in shaken
cultures, these functioned as biofilm-negative controls. Only
PA gained from cocultivation with the wrinkled X. retro-
flexus strains in shaken cultures (P < 0.001 for
XR-Wa and XR-Wb with PA) (Suppl. Fig. 9). These results
correspond to those presented in Fig. 1 showing that
mutualism between the two species only occurred under
conditions that support the establishment of biofilms, either
on a solid surface or at the air–liquid interface. In combi-
nation, these results suggest that the reinforced facultative
mutualism observed between XR-Wa and PA was exclu-
sively linked to the structured biofilm setting and at least
partly mediated by diffusible compounds present in the PA
supernatant.

Organisation of cells within biofilms

To evaluate the spatial organisation in the dual species
biofilms, the BioFlux flow cell system was used to follow

the organisation of cells during biofilm development.
Monocultures of XR-Wa produced more biofilm compared
with XR (Suppl. Fig. 10). PA was unable to form a stable
biofilm on its own during the 48 h. However, PA resided
stably in biofilms with XR over time by attaching onto XR
as the biofilm developed (Fig. 5a). When PA was coculti-
vated in biofilms with XR-Wa, it established in the biofilm
and positioned in the outer layers, resulting in enhanced
biofilm production compared with that in cocultures with
WR (Fig. 5b).

To analyse the spatial organisation of P. amylolyticus
and the two versions of X. retroflexus, we identified specific
parts of the biofilm where both species were present. These
selected parts were then subjected to image analysis.
Colocalisation analysis of the two species in biofilms
revealed that PA was consistently closely associated with
XR (Figs. 5a and 6a). When cocultured with XR-Wa, PA
became more evenly distributed (few aggregates) in the
outer layer of the biofilms (Figs. 5b and 6). With XR-Wa,
PA produced small aggregates whereas with XR, PA pro-
duced larger aggregates. Interestingly, the structure of both
versions of X. retroflexus remained unchanged between
monospecies and dual species biofilms (Fig. 5 and Suppl.
Fig. 9). Figure 6b shows the quantification of PA aggregate
sizes in dual species biofilms with XR and XR-Wa. The
more rugged biofilm structure of XR-Wa contained many
small aggregates of PA positioned in the clefts of the
structure. In contrast, few very large aggregates of PA were
observed in biofilms with XR. The overall spatial structures
of XR and XR-Wa biofilms were distinct, and PA exhibited
changed organisation depending on the coculture partner. In
both cases, PA resided in the outer layers of the biofilm. The
wrinkled phenotypic variant XR-Wa did not outgrow PA
(see Suppl. Fig. 11 for biovolume quantification). The
increased biovolume of XR-Wa allowed for PA to settle
more places compared with the relatively small amount
with XR.

Fig. 5 Biofilm produced after
48 h in BioFlux in TSB media.
a Biofilm formation of XR (red)
and PA (green). b Biofilm
formation of wrinkled XR-Wa
(red) and PA (green). PA is
more aggregated in cocultures
with XR (red) than in those
containing XR-Wa (red)
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Discussion

Bacterial communities play various crucial roles in ecolo-
gical, industrial and clinical settings. More often than not,
they consist of multiple species. This study examined
whether and how a facultative mutualistic relationship
between two species changed as a response to prolonged
coexistence (>50 generations).

The mutualistic interaction was maintained after 26 gen-
erations of cocultivation, as at this point both strains benefited
from cocultivation. Furthermore, the study showed the
emergence of wrinkled colony variants of X. retroflexus,
which was unlikely to be due to genetic drift as a large
number of cells (>10,000,000 cells) were subcultured at each
transfer. As the new phenotypic variants emerged in both
monocultures and cocultures, it was clear that interspecies
interactions were not the direct cause of the observed intras-
pecific variation. However, P. amylolyticus did seem to affect
the intraspecific diversification of X. retroflexus by applying
an additional selective pressure, demonstrating that intraspe-
cific variation impacts community composition.

Coexisting bacteria isolated from their natural habitats have
previously been found to interact more synergistically in
biofilm formation compared with isolates from different
environments, indicating that coexistence affects adaptation
processes in the community [45]. In line with this, interactions
in complex bacterial communities have also been shown to
become less competitive over time, resulting in increased
productivity [46]. However, it has also been demonstrated that
two species, with a one-way directed dependency, over time
adapted towards an exploitative interaction since the biomass
of one species was markedly reduced [47]. The present study,
however, shows that adaptation can lead to reinforcement of
an already positive interaction, as both the wrinkled X. ret-
roflexus variant and P. amylolyticus benefited from the
adaptation, reflected in higher biomass production of both

strains (Fig. 3). In addition, P. amylolyticus in cocultures
stabilised the presence of the wrinkled X. retroflexus (Fig. 4).
This indicates that the presence of P. amylolyticus served to
positively select for specific mutants of X. retroflexus, and P.
amylolyticus itself benefited from the presence of the variants.
In contrast, no selection for phenotypic changes in P. amy-
lolyticus induced by cocultivation was observed within the
timeframe of this study.

The results presented in this study emphasise the need for
considering (i) intraspecific variation when examining inter-
actions between species, and (ii) intraspecific trait variation in
communities when exploring community assembly mechan-
isms. Further research is needed to completely understand the
selection pressure maintaining intraspecific diversification in
order to disclose its impact on interspecies coexistence. Pre-
vious research has shown that the diversification of microbial
populations and productivity is affected by cooccurring spe-
cies [23, 48]. This is in line with our observation of P. amy-
lolyticus applying an additional selective pressure on X.
retroflexus. However, these studies underline the importance
of intraspecific diversification and the need to improve our
understanding of this link if predictions are to be made about
the species interplays in complex microbiomes. This general
problem of determining the complex dynamics of species
coexistence is a subject of increased attention, as it potentially
predicts how species interactions impact community compo-
sition and ecosystem functioning.

The wrinkled colony variants identified in the present
study have also been observed in other bacterial species,
and examination has provided further insight into the
genetic determinants of biofilm matrix and formation.
Moreover, these variants have been found in both natural
and clinical environments [49–51]. Variants displaying
wrinkled colony morphologies are generally more tolerant
to antimicrobials and other stressors, indicating that this
can be a beneficial trait in some environments. In the

Fig. 6 Biofilm formation in BioFlux. a Colocalisation of PA relative to
X. retroflexus. Lines are means and shaded areas are SEM of the
biological replica. b Aggregates of PA in cocultures with XR or XR-
Wa in the BioFlux were estimated by joining neighbouring pixels in

aggregates and then counting those larger than 10 μm3. Area of point
sizes are scaled by average aggregate volume, one point corresponding
to one biological replica. Data from five biological replicates, each
with 1–5 (median 3) technical replicates
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wrinkled X. retroflexus variants, isolated and characterised
in the present study, mutations were localised in genes
predicted to synthesise c-di-GMP. An elevated level of
c-di-GMP is typically associated with reduced motility,
the wrinkled colony phenotype among gamma-proteo-
bacteria, and increased biofilm formation and aggregation
[16, 52, 53]. It was therefore hypothesised that mutations
in the DGC genes facilitate enhanced DGC activity, thus
inducing biofilm formation and reducing motility. The
ability to reduce or enhance the production of exopoly-
saccharides by mutational changes in the c-di-GMP reg-
ulatory network has been suggested as a means of
facilitating adaptation to new environments [54]. It also
seems that adaptions that optimise the biofilm phenotype
are generally important for the fitness of bacteria [55]. The
observations presented here suggest that changes in matrix
composition can facilitate coexistence in multispecies
biofilm by modifying the spatial organisation. In this case,
increased matrix formation by X. retroflexus led to a
reinforced positive interaction for both species in the static
assay. In addition, biofilm production was uniquely sti-
mulated in the wrinkled variant of X. retroflexus when
exposed to spent P. amylolyticus supernatant, suggesting a
changed response by this variant to the presence of
another species. This supports the postulate of Marchal
et al. [56] that beneficial interactions between organisms
select for attachment, providing a spatial structure that can
be conducive for the evolution of active mutualistic
interactions.

This study has provided evidence that a structured
environment can support mutualistic interactions between
facultative partners. We observed the emergence of a new
variant that enhanced its own growth, but not at the expense
of the other member. In fact, the facultative mutualistic
interaction was maintained and even enhanced by the pre-
vailing variant, facilitated by close interspecies association
in the structured biofilm setting.

Data availability

Data and R scripts can be obtained from the authors upon
reasonable requests.
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