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Abstract
Environmental microbes frequently live in multispecies biofilms where mutualistic relationships and co-evolution may
occur, defining spatial organization for member species and overall community functions. In this context, intrinsic properties
emerging from microbial interactions, such as efficient organization optimizing growth and activities in multispecies
biofilms, may become the object of fitness selection. However, little is known on the nature of underlying interspecies
interactions during establishment of a predictable spatial organization within multispecies biofilms. We present a
comparative metatranscriptomic analysis of bacterial strains residing in triple-species and four-species biofilms, aiming at
deciphering molecular mechanisms underpinning bacterial interactions responsible of the remarkably enhanced biomass
production and associated typical spatial organization they display. Metatranscriptomic profiles concurred with changes in
micro-site occupation in response to the addition/removal of a single species, being driven by both cooperation, competition,
and facilitation processes. We conclude that the enhanced biomass production of the four-species biofilm is an intrinsic
community property emerging from finely tuned space optimization achieved through concerted antagonistic and mutualistic
interactions, where each species occupies a defined micro-site favoring its own growth. Our results further illustrate how
molecular mechanisms can be better interpreted when supported by visual imaging of actual microscopic spatial
organization, and we propose phenotypic adaptation selected by social interactions as molecular mechanisms stabilizing
microbial communities.

Introduction

Environmental microorganisms typically live in dense,
surface-associated multispecies communities harboring
distinct spatial organization, known as biofilms [1, 2].

Species residing in biofilms live in close vicinity, affecting
their fitness through cooperative or competitive activities
triggered by interspecies interactions [3–5]. As opposed to
both free-living cells and mono-species biofilms, coopera-
tive advantages acquired when living within a mixed
community may frequently result in “emerging community
properties”, such as enhanced biomass production, access to
complex nutrient sources, stress resistance or pathogenicity
acquisition [6–9]. In contrast, cumulating evidences from
experimental and metabolic model-based studies showed
that microorganisms are not living together in pure har-
mony, as competition for limited resources, such as space
and nutrients, is pervasive [10–13].

While fundamental knowledge was gathered from stu-
dies of monospecific biofilm cultivation, the focus has
gradually shifted toward understanding molecular mechan-
isms underlying interspecies interactions in complex mul-
tispecies biofilms [14]. Advances in RNA sequencing
(RNA-seq) technologies have facilitated the study of com-
munal gene expression profiles, revealing the functioning of
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complex environmental microbial communities [15–18].
Recently, spatial organization within multispecies biofilms
gained momentum due to its evidenced critical role in
shaping the community composition and functions in vivo
[19, 20]. However, unraveling molecular mechanisms
underpinning social interactions at the micro-site spatial
level is not trivial, as it remains extremely challenging to
3D-visualize environmental microbial communities where
sometimes hundreds of species may coexist. Therefore,
model biofilms including a limited number of key species
stand as an ideal alternative to pave the way in this pro-
mising research area.

A previously characterized four-species biofilm com-
posed of the biofilm-forming isolates Stenotrophomonas
rhizophila and Xanthomonas retroflexus, and the poor
biofilm formers Microbacterium oxydans and Paenibacillus
amylolyticus, was previously reported to display significant
increase in biomass production compared to co-cultures
composed of three species [21]. It has been verified that
cooperative interactions mediated locally by the spatial
intermixing of X. retroflexus and M. oxydans were crucial in
stabilizing the four-species community [22]. Intriguingly,
since spatial intermixing of these two species was not
observed when co-cultured in either dual-species and triple-
species biofilms [21, 22], we concluded that this relation-
ship was sustained by the unique microbial interactions
occurring in the four-species community. Gathering addi-
tional knowledge on social interactions occurring in this
four-species community will further improve our under-
standing of underlying mechanisms driving the peculiar and
highly reproducible micro-site organization and intrinsic
properties emerging from microbial interactions, leading to
enhanced biomass production.

In this study, we performed RNA-seq on the four-species
and two selected triple-species biofilm combinations col-
lected in a continuous drip-flow biofilm reactor (DFR)
system, aiming at deciphering the genetic basis of social
interactions responsible of the distinct spatial structure
observed. We hypothesized that the highly reproducible
spatial organization observed in the four-species community
is driven by specific bacterial interactions, which will be
reflected by changes in transcriptome profiles of individual
species at community level when compared to those in
triple-species biofilms. To test this, sufficient information
was gathered to draft an overview of actual social interac-
tions occurring in the four-species biofilm by purposefully
selecting two triple-species biofilms with visually contrast-
ing and distinct spatial structures. While supporting our
previous findings regarding the role of cooperation in
establishment of higher biofilm volumes, our mRNA-seq
results revealed that competition is also an important factor
involved in this process. Moreover, phenotypic adaptation
(known as phenotypic character displacement) between the

two phylogenetic closely related species, S. rhizophila and
X. retroflexus, was proposed as molecular mechanisms
stabilizing the four-species community. The mRNA-seq
results achieved here could help pave the way verifying
presumed molecular mechanisms underpinning interspecies
interactions in association with experimentally mechanistic
follow-up studies.

Materials and methods

Bacterial strains and growth conditions

The bacterial strains S. rhizophila (2), X. retroflexus (3),
M. oxydans (5), and P. amylolyticus (7) were isolated from a
soil micro-aggregate [23]. For clarity sake, strain numbers
(2, 3, 5, and 7) were systematically used throughout the
main text. Strains were activated from −80 °C glycerol
stocks on tryptic soy agar plates (TSA) (Sigma, St. Louis,
USA) for 48 h at 24 °C. Isolated colonies for each strain
were inoculated into 5 ml of sterile tryptic soy broth (TSB)
(Sigma, St. Louis, USA) and incubated with shaking (250
rpm/min) at room temperature overnight.

Biofilm cultivation

Triple (235, 257) and the four-species biofilms (2357) were
grown at room temperature in a continuous DFR system
[24]. Briefly, overnight cultures of each strain were sub-
cultured to exponential phase and adjusted to an optical
density at 600 nm (OD600) of 0.15 in 1/2-strength TSB,
mixed with equal amounts to a total volumes of 20 ml, and
inoculated into DFR channels. Settings for the bacterial
attachment (4 h) and DFR initiation were descried by Liu
et al. [21]. Biofilms were collected 24 h after the
attachment phase.

Crystal violet assay and viable cell enumeration

Biomasses of triple-species and four-species biofilms on
glass slides were quantified by a modified CV assay after
24 h cultivation in DFR [25, 26]. The slides with biomass
were incubated for 15 min with 40 ml of 99% methanol
for cell fixation, then air-dried for several minutes. After
drying, samples were submerged 20 min in 1% (w/v) CV
solution for staining. Slides were rinsed at least three
times until complete unbound CV removal. Slides were
then placed 30 min in 40 ml of 33% acetic acid to release
the bound CV. The absorbance was measured at 590 nm
by using an EL 340 BioKinetics reader (BioTek Instru-
ments, Winooski, Vt.). The CV-acetic acid suspension
was diluted with 33% acetic acid when the OD590 was
above 1.1.
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Viable cell enumeration was adapted from Jackson et al.
[27]. All visible biomass was transferred from glass slides
into centrifuge tubes containing 700 µl sterilized phosphate-
buffered saline (PBS, pH= 7.4) and glass beads (diameter,
5 mm) using aseptic NuncTM cell scrapers (Thermo Fisher
Scientific), after detaching cells with 300 µl sterilized PBS.
Samples were homogenized via vortexing (IKA® MS 3
basic) for 30 s at 2500 rpm, and serially diluted down to 1 ×
10–7. A 100 µl aliquot of each serial dilution was spread, in
triplicate, onto Congo red agar plates (TSA with 40 µg/ml
Congo Red and 20 µg/ml Coomassie). Strains 5 and 7 could
be visually distinguished based on colony morphologies.
The two similar Gammaproteobacteria strains (2 and 3)
were discriminated using selective media supplemented
with Kanamycin (50 µg/ml), as S. rhizophila is sensitive
whereas X. retroflexus is resistant. Agar plates were incu-
bated at 24 °C and colonies for each species were counted
after 48 h. Three biological replicates of triple-species and
four-species biofilms were collected for CV assay and
viable cell numbering, respectively. Results were statisti-
cally analyzed using the mucltcomp package [28] in Rgui
[29] using ANOVA with a Tukey’s HSD posthoc multiple
comparison test (P < 0.05).

Spatial localization and 3D pairwise cross-
correlation (PCC) analyses

Results for spatial localization and pairwise cross-
correlation (PCC) analyses of the four-species biofilm
were adapted from our previously published work [21, 22].
Specifically, spatial localization analysis was performed by
quantifying relative pixels of individual species in three
defined layers (top, middle, and bottom) of biofilm images,
as described in details by Liu et al. [21]. Image analyses for
two types (scant: S and typical: T) of bacterial distribution
of the four-species biofilm, defined by Liu et al. [22], were
included in this study, in order to avoid bias interpretation
with metatranscriptomics achieved from globally collected
biofilm samples. Raw z-stack images of triple-species bio-
films (three biological replicates) were obtained from Liu
et al. [21], and reanalyzed here using custom PCC analysis.
In this study, z-stack images of triple-species biofilms were
pre-processed and further treated for spatial localization and
PCC analyses using previously described methods [21, 22].
R scripts used for image analyses are public available at
GitHub (www.github.com/Russel88/RCon3D version 0.9).

Sample collection and total RNA isolation

Triple-species and four-species biofilms were grown up to
24 h, scraped and submerged into 1 ml of Ambion RNA-
later® (Thermo Fisher Scientific, Waltham, MA, USA) with
sterilized NuncTM cell scrapers (Thermo Fisher Scientific).

The RNAlater-preserved samples were kept at 4 °C over-
night, after which the supernatant was removed by cen-
trifuging at 8000 × g for 5 min at 4 °C. The pellet was stored
at −80 °C before total RNA isolation. This assay was
repeated three times at different days to obtain triplicates.

Samples were transferred into 2.0 ml Lysing Matrix
E tubes (MP Biomedicals Inc.), and processed with the
FastPrep® Instrument (MP Biomedicals Inc.) for 30 s at
6.0 speed. Total RNA was purified from each biofilm
sample using RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Each sample
was suspended in 50 μl of RNA storage solution and RNA
quality was determined using Agilent 2100 BioanalyzerTM

(Agilent Technologies, Santa Clara, CA, USA).

Purification, enrichment, and sequencing of mRNA

DNA was removed with the DNAfree™ Kit (Ambion)
according to the manufacturer’s instructions. Ribosomal
RNA (rRNA) was removed using a Ribo-Zero rRNA
Removal Kit (Bacteria) (Illumina) according to the manu-
facturer’s instructions, and mRNA quality was measured
using Agilent 2100 BioanalyzerTM (Agilent Technologies,
Santa Clara, CA, USA). Bacterial mRNA was fragmented
using a RNA fragmentation kit (Ambion), with a size-range
of 200–250 bp. Double-stranded cDNA was generated
using the SuperScript DoubleStranded cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. An Illumina Paired End Sample Prep kit was
used to prepare RNA-seq library according to the manu-
facturer’s instructions. Samples were sequenced with an
Illumina MiSeq using 150 bp paired end libraries (Illumina,
San Diego, CA, USA).

Bioinformatic and biostatistic analysis of mRNA
profiles

The full genomes of the four strains (Supplementary
Table 1) used in this study have been previously sequenced,
deposited and annotated in the Rapid Annotation System
Technology (RAST) using the SEED hierarchical classifi-
cation [30]. Peptide sequences obtained from predicted
open-reading frames (ORFs) in each genome were exported
and combined into three datasets representatives of each
tested biofilm conditions. Each peptide datasets were dere-
plicated using Usearch (Version 8.1.1861) [31].

Raw reads were trimmed for adapters and quality scores
using Trimmomatic 0.36 with the supplied adapters list
[32]. Since Miseq sequencing often yields poor quality at
sequence extremities, all bases in both ends with quality less
than three were trimmed. Additionally, a four base window
were scanned over the reads and reads with windows with
an average quality of <15 were truncated. Core identical
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protein sequences shared between any two of the four
genomes were identified with Usearch (Version 8.1.1861)
[31], and removed from the analysis, since they do not
contribute in differentiating the strains. Paired and orphan
reads were mapped to annotated genes using blastx best
hits in Diamond 0.8.22. Blast results were accepted if the
e-value was <1 × 10–3, and then combined for downstream
processing in Rgui software [29]. mRNA read counts
obtained for each protein were corrected according to bio-
mass data with the mean of plate CFU counts (n= 3) to
avoid expression biases related to cell number variation of
individual species in triple-species and four-species bio-
films. Differentially expressed genes were identified using
EdgeR package in Rgui [33], relying on internal calibration
procedures to compensate and adjust for varying sequen-
cing depths as represented by differing library sizes [34].
While reads per kilobase per million mapped reads (RPKM)
stands as the most popular normalization method [35], it
was not deemed appropriate for our study. Indeed, this
method was initially developed to compare gene expression
within one sample or for one organism by rescaling counts
according to gene and library size [36]. Nevertheless,
this normalization fails to integrate the important biomass
changes observed in our multispecies biofilm data. Fur-
thermore, gene size and expression were very weakly and
negatively correlated together in our experiments (Supple-
mentary Fig. 1), and RPKM is also known to strongly
influence the mean-to-variance relationship within the data,
which stands as a crucial step for accurate modeling of
contingency data and meaningful downstream statistics
[37]. Differential expression levels between mRNA profiles
obtained from each biofilm consortia were extracted by
means of generalized linear model under negative binomial
distribution (nbGLM) using a likelihood ratio test with a
post hoc false discovery rate correction test (LRT, FDR-
corrected P < 0.05, log2-fold change > 2).

Results

Distinct spatial organization in triple-species and
four-species biofilms

In our previous studies [21, 22], two triple-species biofilms
(235, 257) displayed peculiar spatial structure compared to
the four-species biofilm (2357) (Fig. 1; Supplementary
Fig. 2), where two types of organizations could be defined
based on the distribution pattern of X. retroflexus (strain 3)
and M. oxydans (strain 5) (Fig. 1c, d). As reported by Liu
et al. [21], P. amylolyticus (strain 7) displayed distinct
scattered growth as micro-colonies inside biomass of
S. rhizophila (strain 2) in the triple-species biofilm (257)
after 24 h cultivation in DFR, similar to the spatial pattern

achieved through monospecific culture (Supplementary
Fig. 3). However, the spatial organization was markedly
changed in the four-species biofilm consortia, as the pre-
sence of X. retroflexus facilitated the colonization of strain 7
(Fig. 2a; One-way ANOVA, P < 0.01), leading to its pre-
dominance in terms of bio-volumes, concomitant to the
observed enhanced total biomass formation via CV assay
performed in this study (Supplementary Fig. 4a).

Spatial localization analysis obtained in the current
study further confirmed previous observations. Species (2/3
and 2/7) maintained stably relative bio-volumes in the three
defined layers of triple-species biofilms (235 and 257)
(Fig. 2b, c; One-way ANOVA, P > 0.05). Strain 5 was
mainly occupying the bottom layer, but in extremely low
bio-volumes throughout triple-species biofilms (235 and
257) (Supplementary Fig. 5; One-way ANOVA, Tukey’s
HSD test: P < 0.05). However, the colonization of strain 5,
mainly occupying the top layer, was strongly promoted in
both types of the four-species biofilm (Fig. 2c; Supple-
mentary Fig. 2; One-way ANOVA, Tukey’s HSD test:
P < 0.05). The abundance/density of strain 3, mainly occu-
pying top layers of the four-species biofilm (Fig. 2c; One-
way ANOVA, Tukey’s HSD test: P < 0.01), was
considerably reduced by the presence of strain 7 (Fig. 2a;
One-way ANOVA, P < 0.001).

Pairwise cross-correlation analyses (PCC) were per-
formed on the pre-processed stacked images generated by
CLSM and the output indicates whether two species tend to
intermix (PCC > 1), are randomly distributed (PCC= 1), or
segregate (PCC < 1) from each other. Specifically, the pre-
sence of strain 7 considerably enhanced intermixing pat-
terns of species pairs 2/3 and 3/5, but it did not affect the
relative localization of the species pair 2/5 in short between-
species distances (<10 µm) in the four-species biofilm
(2357) compared to those in the triple-species biofilm (235)
(Fig. 3). Respectively, species pairs 5/7 and 2/5 were more
segregated and intermixing (in <10 µm between-species
distances) in the four-species biofilm (2357) compared to
those in the triple-species biofilm (257), while the inter-
mixing pattern of the species pair 2/7 was not remarkably
impacted (Fig. 3). In addition, species pairs 2/5, 3/5, and 5/
7, derived from the 24 h four-species biofilm (2357),
showed distinct spatial localization in regions with
typical and scant presence of strain 5, while species pairs
2/3 and 2/7 exhibited similar intermixing pattern in these
two regions (Supplementary Fig. 6).

Metatranscriptomes and expression patterns

Metatranscriptome libraries were created from four-species
and triple-species biofilms (Fig. 1e; all in three biological
replicates). In average, 1.2 million of the transcripts were
mapped to coding sequences of the genomes with sample
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sizes ranging between ~3 and ~8 million of reads after core
identical protein sequences were removed (Supplementary
Table 2). Species (2/3 and 2/7) showed distinctively relative
protein coding transcripts in triple-species and four-species
consortia before CFU normalization (Fig. 4a).

Redundancy analysis (RDA) based on Bray–Curtis dis-
similarity obtained from the mRNA profiles prior to CFU
normalization was performed after read counts were nor-
malized by library sizes (Fig. 4b). The result revealed a
significant, non-random distribution of samples according
to their respective biofilm consortia (P= 4.1E−3), making
them prone for pairwise statistical comparison. The first
component was separating biofilm consortia 235 from both
257 and 2357 (RDA1, 79.7%), indicating the overruling
effect of strain 7 presence/absence, correlating with higher
bio-volumes. On the other hand, the second component was

clearly showing a separation between the biofilm consortia
257 with the others (RDA2, 9.4%), indicating that the
presence/absence of strain 3 was accounting for the second
most important source of variance in this analysis.

Quantitative analysis of differentially expressed
functions in the three communities

The pairwise differential gene expression analysis after
biomass normalization allowed the detection of 378 RAST
genetic functions with significantly altered expression levels
between four-species versus triple-species communities
(Supplementary Table 3, LRT, FDR-corrected P < 0.05; >2
log2-fold differential expression change). Strains 2 and
3 shared 81% expressed genetic functions well classified in
the SEED database in the triple-species biofilm (235),

Fig. 1 Spatial structure of
investigated biofilms and
overview of experimental
design. Confocal microscopy
images showing the spatial
organization of triple-species
a, b and four-species
c, d biofilms composed of S.
rhizophila (2, green), X.
retroflexus (3, yellow),
M. oxydans (5, purple), and
P. amylolyticus (7, red). Samples
with distinct spatial patterns
showed in c, d were collected at
different locations in the same
biofilm. Magnification: ×40.
Scale bar: 50 µm. Modified with
permission from Liu et al. [21].
2357 (S) and 2357 (T) represent
local regions with scant (S) and
typical (T) presence of
M. oxydans (5) in the four-
species biofilm, respectively.
e Triple-species and four-species
biofilms were cultivated in a
DFR system for 24 h and
scraped off the glass slide.
mRNA was extracted and
purified, followed by sequening
on an Illumina MiSeq platform.
Comparative meta-
transcriptomics analyses were
performed between triple-
species and four-species
communities
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which was expected due to their close phylogenetic relat-
edness (Supplementary Fig. 7; Supplementary Table 4).
However, the percentage was sharply decreased to 43%
when co-existing in the four-species biofilm (Supplemen-
tary Fig. 7; Supplementary Table 5), revealing that these
two species showed distinct differences in gene expression
profiles in response to strain 7 (Supplementary Table 3). In
addition, strains 2 and 7, in the four-species biofilm con-
sortia (2357) did not significantly respond to strain 3 in
terms of differential gene expression compared to the triple-
species biofilm (257) when biomass normalization was
applied.

Respectively, 64 and 314 genetic functions from strains 2
and 3 were differentially expressed in the four-species

biofilm (2357) in response to strain 7 compared to control
expression levels in the triple-species biofilm consortia
(235) (Supplementary Table 3). Amongst those functions,
312 were up-regulated in strain 3 (only two down-regu-
lated), while 62 were down-regulated in strain 2 (two up-
regulated), indicating a pronounced but converse response
of these closely related Gammaproteobacterial strains to
strain 7. Due to low biomass and subsequent low mRNA
sequencing resolution for strain 5, no significant differences
in expression of genetic functions could be attributed to this
strain. However, differences could be seen at higher SEED
classification levels of “RNA metabolism” and “Virulence/
Disease/Defense” (Table 1; One-way ANOVA, Tukey’s
HSD test: P < 0.05).

Fig. 2 Cell numbers and distribution of individual species in triple-
species and four-species biofilms cultivated for 24 h. a Individual
species show distinct cell densities in different communities, however
total cell numbers are not significantly different. b Top, middle, and
bottom biofilms layers are defined as follows: Top layer is defined
from the very top to the section where the bio-volume is occupied up
to 60%; bottom layer is defined as the last 20 sections of stacks if any;
middle layer is defined as the rest of the sections in stacks if any. c The
relative bio-volume of pixels from each species is plotted in three

defined layers (top, middle, and bottom) of biofilms. 2; S. rhizophila,
3; X. retroflexus, 5; M. oxydans and 7; P. amylolyticus. 2357 (S) and
2357 (T) represent local regions with scant (S) and typical (T) presence
of M. oxydans (5) in the four-species biofilm, respectively. Strain 5 is
not visible in consortia 235 and 257, because it is present in extremely
low density (Supplementary Fig. 5; Supplementary Table 1). Error
bars represent standard error of the mean of three biological replicates
(n= 3)

Deciphering links between bacterial interactions and spatial organization in multispecies biofilms 3059



The active response of X. retroflexus to P.
amylolyticus in gene expression (2357 vs. 235)

To provide further understanding of the functions altered in
strains 2 and 3 for the four-species vs. three-species biofilms
(2357 vs. 235), differentially expressed genes were classi-
fied into SEED functions [38] and distributions within the
categories were illustrated in Fig. 5 (genetic functions
annotated to ‘None’ category are not shown) and Supple-
mentary Table 3. Notably, the sets of genetic functions up-
regulated or down-regulated were mainly annotated to
‘Amino Acids and Derivatives’, ‘Carbohydrates’, ‘Mem-
brane Transport’, ‘Respiration’, ‘Protein Metabolism’, and
‘Stress Response’.

Strain 3 up-regulated 15 genetic functions annotated to
‘Amino Acids and Derivatives’ in response to the pre-
sence of strain 7 in the four-species consortia. Proteins
with these genetic functions were mapped back to Kyoto
Encyclopedia of Genes and Genomes (KEGG) database

[39], providing an overview of their involvement in spe-
cific metabolic pathways. Specifically, two genetic func-
tions (EC 2.1.2.1 and EC 1.4.4.2) were involved in
glycine metabolism and three were related to branched-
chain amino acids (BCAA) degradation (EC 4.2.1.9, EC
1.2.4.4 and EC 2.3.1.168). Ammonia generated by glycine
and BCAA degradation could be used for the active glu-
tamine synthesis, which was reflected by the up-regulation
of glnA (EC 6.3.1.2) and gltA (EC 1.4.1.13). Glutamine
was more likely to be further processed for aminosugars,
purine, and pyrimidine metabolisms, as the essential
enzymes (EC 2.4.2.14, EC 2.6.1.16 and EC 6.3.5.5) cat-
alyzing glutamine into substrates participating in these
pathways were significantly up-regulated (Supplementary
Fig. 8). Twelve genetic functions involved in cell division
or cell wall synthesis, and nine involved in purine or
pyrimidine metabolism were up-regulated, suggesting
ongoing cell replication/activities of strain 3 in the four-
species consortia.

Fig. 3 Pairwise cross-correlation analyses of triple-species and four-
species biofilms. The mean PCC value (continuous line) and the
standard error of the mean (shaded areas) are plotted against distances
spaced at intervals of 1 µm. The dashed horizontal line (PCC value of
1) corresponds to random positioning. The PCC value indicates
whether two species tend to intermix (PCC > 1), are randomly dis-
tributed (PCC= 1), or segregate (PCC < 1) from each other at specific

between-species distances. 2; S. rhizophila, 3; X. retroflexus, 5; M.
oxydans, and 7; P. amylolyticus. 2357 (T) represents local regions with
typical presence of M. oxydans in the four-species biofilm. PCC
values of species pairs were calculated from three biological replicates
(n= 3). Note different scales on y-axes in top and bottom row plots
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In addition, of the 15 up-regulated functions from strain
3 annotated to ‘Carbohydrates’, three (EC 4.1.2.13,
EC 2.7.2.3, and EC 4.2.1.11) were involved in glycolysis
(Supplementary Fig. 9), and four (EC 1.2.4.1, EC 1.8.1.4,

EC 4.2.1.3 and EC 2.3.1.61) were associated with citrate
cycle (TCA cycle) (Supplementary Fig. 10). Furthermore,
14 functions associated with oxidative phosphorylation
(‘respiration’) were up-regulated, which in combination

Fig. 4 Metatranscriptomic analysis of triple-species and four-species
biofilms. a The percentages of protein-coding transcripts of individual
species in 24 h triple-species and four-species biofilms (three biolo-
gical replicates for each sample). b Redundancy analysis (RDA) on
mRNA profiles from tested consortia. Metatranscriptomes were
transformed into relative abundance and the constrained model was

built using bio-volumes (3-D imaging), CFU counts, and presence/
absence of strain 3, X. retroflexus, and strain 7, P. amylolyticus,
(capscale function, R package vegan, Bray–Curtis dissimilarity,
10,000 perm.). Axes are displaying the percentage of explained var-
iance by the model

Table 1 Differentially expressed
functional categories of M.
oxydans between three biofilm
context

Functional category for M. oxydans 235 (%) 2357 (%) 257 (%)

RNA metabolism 2.53 ± 0.42a 8.76 ± 1.95c 4.7 ± 1.0b

Virulence, disease and defense 13.55 ± 1.66a 30.19 ± 4.67b 28.84 ± 2.38b

a, b and c represent significant differences in pair-wise comparisons (One-way ANOVA, Tukey’s HSD test:
P < 0.05). Pair-wise comparisons were taken place between any two of three biofilm communities (235, 257
and 2357)

Fig. 5 Bar chart of SEED
functions that are differentially
expressed in strain 2 (S.
rhizophila, green) and strain 3
(X. retroflexus, yellow) in the
four-species biofilm (2357)
compared with those in the
triple-species biofilm (235). Left
and right panels represent the
counts of down-regulated and
up-regulated functions in the
four-species biofilm (2357),
respectively

Deciphering links between bacterial interactions and spatial organization in multispecies biofilms 3061



indicate that strain 3 was actively utilizing glucose as car-
bon source for aerobic respiration. Furthermore, one genetic
function involved in cyclic-di-GMP phosphodiesterase
synthesis, and seven involved in flagellar synthesis and
regulation were up-regulated, suggesting enhanced motility
potential of strain 3 in the 24 h four-species biofilm com-
pared to the triple-species biofilm excluding strain 7. Strain
2 did not show significantly different expression in all these
genetic functions differentially expressed by strain 3.

Moreover, strain 3 up-regulated seven genetic functions
involved in the regulation of redox state (‘oxidative stress’)
in response to the presence of strain 7, indicating that strain
3 was challenged when co-cultured in the four-species
consortia. This was consistent with the observation that
viable cell numbers of strain 3 were reduced 10-fold in the
four-species consortia compared to those of the triple-
species consortia (235) (Supplementary Table 1; One-way
ANOVA, p < 0.001). Concomitantly, six genetic functions
associated with DNA repair, 13 for protein biosynthesis and
degradation, six for phosphorus metabolism and 11 for iron
acquisition (‘membrane transport’) were significantly up-
regulated in strain 3. Conversely, strain 2 remarkably down-
regulated eight genetic functions involved in iron
acquisition, and did not show differential expression of
genetic functions associated with stress response.

Discussion

Microbes residing in multispecies biofilms occupy distinct,
non-randomly distributed micro-sites, which are changing
over time as the biofilm develops due to local heterogeneity
driven by interspecies interactions [40, 41]. As such, biofilm
represents a perfect model proving understanding of how
emerging properties may become the object of selection
[42–44]. It has been proposed that the fitness gain achieved
through community-emerging properties resulting from
social interactions is a major driving force in multispecies
biofilm ecology and evolution, where distinct spatial orga-
nization is crucial [45, 46]. Recently, specialized compu-
tational and experimental models have been increasingly
used to establish links between social interactions (coop-
eration, competition and facilitation) and spatial organiza-
tion, with direct implications for our conceptual view of
biofilms [47, 48]. However, few studies have tried to
decipher molecular mechanisms underlying interspecies
interactions within model multispecies communities [48],
and to our knowledge this study is the first aiming to link
gene expression patterns with spatial organization of
member species.

In the present study, we show that intermixing patterns of
species pairs in the triple-species consortia (235) were
remarkably changed in response to the presence of strain 7

in the four-species consortia (2357). We hypothesized that
this was tightly linked to changes in gene expression pro-
files of cells residing in different microbial communities.
Indeed, strain 3 changed expression of 314 genetic func-
tions in response to the presence of strain 7 in the four-
species biofilm. Specifically, strain 3 significantly up-
regulated genetic functions involved in glycolysis, TCA
cycle, and oxidative phosphorylation, correlating with its
spatial location in top layers of the four-species biofilm with
expected high availability of oxygen and glucose [49, 50].
Genetic functions involved in flagella synthesis were also
significantly up-regulated in strain 3, which was assumed to
be the strategy applied for stably co-existing in top layers.
Localization in the top biofilm layers is believed to provide
direct growth advantages via continuous supply and access
to resources, which is a known strategy used by this species
and other fast growers to compete in biofilms [51–53].
Strain 2, although phylogenetic closely related to strain 3,
did not show significantly different expression in all these
genetic functions significantly altered in strain 3, supporting
observations that strain 2 was evenly present in three
defined layers of biofilms (235 and 2357) in spite of the
presence of strain 7 (Fig. 2c). In addition, metatran-
scriptome profiles indicated that strain 3 was challenged
when co-cultured with strain 7 up to 24 h, showing sig-
nificant up-regulation of genetic functions involved in
“Stress Response” and a 10-fold reduction of strain 3 cell
numbers (7.1% of total CFU counts) in the presence of
strain 7. Herschend et al. reported that strain 3 accounted for
20.4% of total CFU counts of the same four-species biofilm
grown up to 48 h, indicating this species stabilized in the
community [54]. Collectively, strain 3 was actively
responding to strain 7 in ways facilitating its occupation of
the top layers with favorable access to nutrient and oxygen,
which therefore seems to be a successful strategy for better
co-existence in the community. Our results confirmed that
the previously observed spatial segregation of strains 3 and
7 in the four-species biofilm [22] was driven by competing
for resources, such as oxygen and available nutrients in the
growth media.

It was previously verified experimentally that antagon-
ism is more likely to occur among closely related species
sharing similar metabolic pathways [55]. Indeed, strains 2
and 3 displayed decreased growth fitness even when co-
cultured in nutrient-rich media as compared to mono-
species biofilms [22], suggesting a competitive relationship
between these closely related species. Here, the intermixing
level between these two species increased in response to
strain 7 in the four-species biofilm, as only limited space in
middle and bottom layers was available due to the dom-
inance of the latter species. We hypothesized that niche
competition between these two species for the limited
nutrient resources was strengthened, as strain 7 was found
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to enhance metabolic activities related to fermentation and
nitrate/nitrite ammonification [54]. However, strain 2 was
not displaying up-regulation of genetic functions involved
in stress response as strain 3 did. Instead, strain 2 remark-
ably down-regulated genetic functions involved in mem-
brane transport and iron acquisition, being a requisite for
successful competition in nutrient-limited environments
[56, 57]. Our results suggest that the niche overlap between
strains 2 and 3 in the four-species biofilm was minimized by
differential expression of similar genes resulting in a phe-
notypic character displacement. Such a functional niche
displacement mechanism could be an important strategy
facilitating resource partitioning among sympatric microbes
in dense multispecies communities such as biofilms [58].

Iron is a versatile redox-active catalyst and crucial
cofactor for many biological functions and processes [59].
Strain 2 remarkably down-regulated genetic functions
involved in iron acquisition in response to strain 7, how-
ever, its growth fitness was slightly enhanced in the four-
species biofilm (Supplementary Table 1; One-way
ANOVA, Tukey’s HSD test: P < 0.05). In addition, no
significant gene regulation was detected in strain 2 in the
presence/absence of strain 3 (257 vs. 2357), indicating that
the gene expression profile of strain 2 was mainly affected
by strain 7 (235 vs. 2357). Overall, results suggest that the
growth of strain 2 was facilitated by sharing costly products
for iron scavenging when co-cultured with strain 7. More-
over, we previously observed that the colonization of strain
7 was promoted during the four-species biofilm develop-
ment as compared to that excluding strain 2 [21], suggesting
metabolic dependencies as a biotic factor affecting their
population dynamics [60]. In addition, these two species did
not show segregation within 30 µm between-species dis-
tances neither in the triple- nor four-species biofilms (257
and 2357) (Fig. 3), further supporting the hypothesis that
they mutually facilitated their growths via cooperation
through weak metabolic interdependencies [41].

Here, no total viable cell count difference was noticed
amongst the three investigated consortia (Supplementary
Fig. 4b), however, strain 7 colonization was facilitated by
the presence of strain 3 (257 vs. 2357, Fig. 2a), thus
increasing biomass production of the four-species biofilm
due to large cell size of strain 7 [21]. The variation in cell
numbers of individual species may lead to different com-
munity functions, which could also be reflected by distinct
intermixing patterns between species pairs in triple-species
and four-species biofilms (Fig. 3). Unexpectedly, we did not
detect any significant impact by strain 3 on strain 7 gene
expression in the four-species biofilm (2357). This may be
due to only very local responses by strain 7 to the presence
of strain 3, which are averaged when sampling and ana-
lyzing total RNA. Alternatively, the growth facilitating
effect on strain 7 by strain 3 is not reflected in an altered

gene expression pattern. This highlights the importance of
investigating interspecies interactions at subpopulation
microscale levels, which could be visually defined by spa-
tial organization of co-occurring species [61, 62]. However,
state-of-the-art mRNA sequencing requires large amounts
of raw material to achieve decent extraction yields, thus not
being compatible with the fine sampling scale required to
target subpopulations. In addition, PCC analyses showed
distinct intermixing patterns between species pairs in two
specific types of local regions in the four-species biofilm
(Supplementary Fig. 6), suggesting heterogeneous gene
expression of an individual species due to differences in the
surrounding micro-environments [63].

In all three tested biofilms, no differences in genetic
functions from strain 5 were detected due to its relatively
low abundance. However, up-regulation of “RNA metabo-
lism” and “Virulence/Disease/Defense” could be identified
at higher SEED classification levels. RNA metabolism
refers to any event in the life cycle of ribonucleic acid
(RNA) molecules, reflecting the metabolic activity of
samples investigated [64]. Strain 5 increased RNA meta-
bolism expression and also exhibited a 14-fold increase in
the number of viable cells in the four-species consortia
(Supplementary Table 1), thus confirming the growth
advantage obtained in the four-species community. Fre-
quently, microorganisms up-regulate genetic functions
involved in “Virulence/Disease/Defense” to maintain their
competitiveness when stressed by local conditions [65, 66].
Strain 5 up-regulated this category only in response to strain
7 in the four-species biofilm (Table 1), thus indicating
benefits gained from co-existence with strain 3. Sub-
stantially, the total community gained the most biomass
production when strains 3 and 5 collaboratively made it to
top layers. This supports the hypothesis that spatial inter-
mixing in top layers between these two species was strongly
driven by synergistic interactions [22]. As such, these two
species could be seen as keystone species when co-cultured
in the four-species biofilm (2357), but not in the triple-
species biofilm (235). Indeed, their interaction turn them
into so-called “ecosystem engineers” in ecology, defined as
organisms able to significantly affect ecological properties
of a given ecosystem resulting in modification, maintaining
and/or creation of habitats [67], in this case as a biofilm.
Pinpointing such crucial keystones species in complex
environmental microbial communities is challenging, and
multispecies biofilm models are perfectly suited to address
this issue. Moreover, cooperative interactions between these
two species seemed to be strengthened by the presence of
competitive force from strain 7. This suggests that both
cooperative and competitive interactions played important
roles in fulfilling the enhanced biomass production. It
should however be emphasized that these exploratory
findings need to be verified and further investigated in
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detailed mechanistic studies and tested in mathematical
models.

Overall, we conclude that the intrinsic community
property of enhanced biomass production was closely
connected with fine-tuned spatial organization of the four-
species consortia, where each species occupied specific
micro-localization optimizing growth fitness, in combi-
nation with a phenotypic character displacement. Hence,
co-existence in the four-species biofilm seems to be sta-
bilized by a combination of optimized spatial organization
and phenotypic modifications both minimizing competi-
tion (Fig. 6). Our results illustrate how metatranscriptomic
data can be better interpreted when combined with visual
imaging of actual spatial organization, providing a new
framework and perspectives on how phenotypic character
displacement may stabilize social interactions of co-
existing species in biofilms. Moreover, our results high-
light the necessity and importance of investigating
molecular mechanisms of complex multispecies commu-
nities at subpopulation levels in consideration of the non-
random spatial organization driven by local interspecies
interactions.
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