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Mutualistic exchange of metabolites can play an important role in microbial communities. Under natural environmental conditions,
such exchange may be compromised by the dispersal of metabolites and by the presence of non-cooperating microorganisms.
Spatial proximity between members during sessile growth on solid surfaces has been shown to promote stabilization of cross-
feeding communities against these challenges. Nonetheless, many natural cross-feeding communities are not sessile but rather
pelagic and exist in turbulent aquatic environments, where partner proximity is often achieved via direct cell-cell adhesion, and
cooperation occurs between physically associated cells. Partner association in aquatic environments could be further enhanced by
motility of individual planktonic microorganisms. In this work, we establish a model bipartite cross-feeding community between
bacteria and yeast auxotrophs to investigate the impact of direct adhesion between prokaryotic and eukaryotic partners and of
bacterial motility in a stirred mutualistic co-culture. We demonstrate that adhesion can provide fitness benefit to the bacterial
partner, likely by enabling local metabolite exchange within co-aggregates, and that it counteracts invasion of the community by a
non-cooperating cheater strain. In a turbulent environment and at low cell densities, fitness of the bacterial partner and its
competitiveness against a non-cooperating strain are further increased by motility that likely facilitates partner encounters and
adhesion. These results suggest that, despite their potential fitness costs, direct adhesion between partners and its enhancement by
motility may play key roles as stabilization factors for metabolic communities in turbulent aquatic environments.
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INTRODUCTION
Organisms living in natural microbial consortia often share
metabolites with the other community members. One of the
possible metabolic interactions is represented by mutualistic
cross-feeding [1]. This relies on the reciprocal exchange of
essential metabolites between partners whose production of the
received compound is lacking, implying a division of labor within
the consortium for the synthesis of such traded building blocks.
The derived strong inter-organisms dependence has even been
proposed to be a crucial step towards the establishment of more
complex symbiotic relationships [2]. However, such cross-feeding
communities face several challenges that might hinder their
growth and stability. One major problem is the rapid dispersal and
subsequent loss of the exchanged compounds, as they are
released in the environment [3]. Another challenge is the
exploitation of shared metabolites by non-cooperating (“cheat-
ing”) organisms, which can reduce community growth and even
lead to its collapse [4–6]. A common strategy that might be used
by mutualistic communities to counteract these negative effects is
the spatial assortment of partners [7, 8]. As predicted by theory
and confirmed by experimental studies of model synthetic
communities grown on an agar surface or in a microfluidic
chamber, stability of cross-feeding communities can benefit from
positive spatial assortment between partners that facilitates short-
range metabolic interactions and prevents exploitation by

cheaters [9–14]. Consistently, spatial structuring spontaneously
emerges in cross-feeding communities grown on agar surfaces
[12, 14–18]. Moreover, structuring might favor the evolution of
bacterial cross-feeding [19] and be itself enhanced by such
evolution [20]. An extreme example of assortment is direct
channeling of metabolites between two cooperating partners, as
occurs in endosymbiosis [21–23] but also in cross-feeding
bacterial communities [19, 24, 25].
Although partners proximity in natural sessile communities can

similarly result from passive spatial assortment during growth on a
surface [26], it can be alternatively achieved through direct
physical interactions between partners at both intra- and
interkingdom levels [27, 28]. Such adhesion may be especially
important for the suspended aggregates [29, 30] as well as for
epibionts [31–34], communities in which one of the partners,
usually smaller, grows on the surface of the other partner. Even for
such closely associated communities, it typically remains unknown
whether the physical interaction can enhance metabolite
exchange on its own, or rather stabilize specific structures
involved in direct metabolite transfer [1, 3]. Furthermore, in open
aquatic environments where non-surface attached communities
are typically found [35], the ability of motile planktonic
microorganisms to swim can be beneficial in the search for
partners [36–38]. But despite their assumed importance, joint
impact of physical association and motility remains little studied
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because of the inherent complexity of microbial interactions in
natural communities [39].
To quantitatively characterize the importance of these factors in

a well-defined model community, we established a synthetic
interkingdom cross-feeding consortium between the bacterium
Escherichia coli and the budding yeast Saccharomyces cerevisiae, in
which the physical association between the two partners is
mediated by the bacterial type I fimbriae [40] and both adhesion
and bacterial motility could be easily manipulated. We demon-
strate that cell adhesion, and possibly the resulting cell clumping,
provide moderate but significant competitive advantage to
fimbriated bacteria in a well-mixed co-culture with yeast, despite
modest reduction of the overall community growth. Physical
interaction was further important to exclude non-cooperating
bacterial cheaters, thereby delaying the collapse of the commu-
nity upon cheater invasion. Swimming provides an additional
fitness advantage to the adhesive bacterial partner and further
increases its competitiveness against the cheater. These findings
demonstrate that investments in adhesion and motility can be
beneficial for mutualistic microbial communities existing in
turbulent aquatic environments.

MATERIALS AND METHODS
Strain construction
E. coli strains were derived from BW25113 or, for motility studies, MG1655
[41]. Mutant strains were generated via P1 transduction or λ-red
recombinase using the pSIJ8 plasmid [42]. E. coli strains in the co-culture
were labelled either with a sfGFP-expressing plasmid (pTrc99A:sfGFP:
pNB1) or with an mCherry-expressing plasmid (pTrc99A:mCherry: pOB2),
both inducible by isopropyl-β-D-thiogalactopyranoside (IPTG). For co-
cultures grown in minimal media, sufficient expression of fluorescent
markers was observed even without IPTG induction, but 10 µM IPTG was
used for cultures grown in supplemented media. All S. cerevisiae strains
were obtained from the gene knockout collection (Dharmacon, Lafayette,
CO, USA) [43] derived from the BY4741 strain. The his3Δ1 auxotrophy of
this strain was rescued by an insertion restoring histidine prototrophy and
introducing mTurquoise2 as a fluorescent marker. A complete list of the
strains and plasmids used in this study can be found in Table S1.

Growth conditions
For pre-cultures, S. cerevisiae cells were streaked from glycerol stocks on
yeast extract peptone dextrose (YPD) plates supplemented with the
appropriate antibiotic and incubated at 30 °C for 48 h. From each plate,
four to six colonies were inoculated in 5mL YPD supplemented with the
appropriate antibiotic, and cells were grown at 30 °C for 16–18 h with
shaking at 200 r.p.m. E. coli pre-cultures were inoculated directly from
glycerol stocks in 5mL lysogeny broth (LB) with the appropriate antibiotic
and grown at 37 °C for 16–18 h with shaking at 200 r.p.m.
For both organisms, cells from 2mL pre-culture were washed twice with

phosphate-buffered saline (PBS), resuspended in 1mL PBS and incubated
for 5 h, at 30 °C degrees for S. cerevisiae and 37 °C for E. coli. Unless
indicated otherwise, cells were diluted to a total OD600 of 0.05 for S.
cerevisiae and a total of 0.025 for E. coli partner strain(s), values referring to
a 1 cm cuvette. When the E. coli cheater was introduced in the community,
an initial inoculum of 0.025 (for 50% inoculation) or 0.011 (for 30%
inoculation) of this strain was further added to the culture. Growth and
competition assays were performed at 30 °C with shaking at 200 r.p.m. in
24-well microtiter plates (Greiner Bio-One, Frickenhausen, Germany) in
1mL low fluorescence (LoFlo) yeast nitrogen base (YNB) minimal media
(Formedium, Swaffham, UK) buffered with 100mM 2-(N-morpholino)
ethanesulfonic acid (MES) (Roth, Karlsruhe, Germany) at pH 6.15 and with
2% D-glucose, or 1% D-fructose for the motility assay, as carbon source. For
the cross-feeding experiments the media was supplemented with a
mixture of 100mg/L L-leucine, 20 mg/L L-methionine and 20mg/L uracil to
complement the auxotrophies present in the S. cerevisiae background
strain. For the controls experiments with fully supplemented media the
complete supplement mixture (CSM, a mixture of diverse amino acids,
Foremedium) enriched with 20mg/L L-serine was used. Where indicated,
4% D-(+)-mannose was introduced into the media. For the co-cultures
grown in a semi-continuous mode, 500 µL of each culture were transferred
to a new well containing 500 µL of fresh media every 24 h for 10 days. For

all the experiments, growth was measured using a plate reader (m200
Infinite Pro, Tecan, Männedorf, Switzerland). When present, clumps were
disrupted prior to measurements or culture transfer by pipetting the
sample up and down 10 times with a 1mL pipette.
Colony assays were performed on minimal media plates containing 1%

agarose where 2 µL of cell mixture with the same initial concentration as
for liquid cultures were deposited. Plates were incubated at 30 °C for ten
days to reach the maximal colony size.

Flow cytometry
Flow cytometry was performed with BD LSR Fortessa SORP cell analyzer
(BD Biosciences, Heidelberg, Germany). GFP fluorescence was detected
using a 488 nm laser line combined with a 510/20 BP filter. mTurquoise2
fluorescence was measured using a 447 nm laser line combined with a
470/15BP filter. mCherry fluorescence was measured using a 561 nm laser
line combined with 632/22 BP filter. S. cerevisiae and E. coli populations
were distinguished using forward scatter (FSC) and side scatter (SSC). E. coli
strains were further distinguished according to their respective fluorescent
labelling (mCherry or GFP). Before the measurements, cell aggregates were
disrupted by pipetting as described above, followed by a dilution in a ratio
1:10 in PBS supplemented with 4% mannose (1 mL final volume).
Measurements were performed using the BD High Throughput Sampler
(HTS) with a fixed flow rate set at 1 µL/s for an acquisition time of 20 s with
samples diluted to a concentration typically of 103–104 events per second
in PBS supplemented with 4% mannose. Dilution rates, flow rate and
sampling time were then used to infer the abundance of cells in the
defined volume (20 µL). Flow cytometry results were analyzed using
FlowJo (BD Biosciences). The detailed description of all the statistical
analysis performed in this work can be found in the Supplementary
Materials and methods section.

Microscopy imaging
Confocal images acquisitions were performed on a Zeiss LSM-800
microscope, using 594 nm laser line acquiring in the 606–695 nm window
for mCherry, 488 nm laser line acquiring in the 535–580 nm window for
sGFP, and 440 nm laser line acquiring in the 446–491 nm window for
mTurquoise2. For the aggregation assay, samples were first deposited on a
1% agarose pad and covered by a coverslip, and a Plan-Apochromat 63×/
1.40 Oil objective was used. For colony imaging, samples were prepared by
depositing colonies upside down in 8-well glass-bottom slides (μ-Slide,
8-well glass bottom; ibidi), embedded in 250 µL of 1% low melting agarose
(A9414, Sigma, St. Louis, MO, USA) in PBS and incubating at room
temperature for 10min. The acquisition was performed using a LD LCI
Plan-Apochromat 25x/0.8 Imm Corr objective. Images from experiments
aimed to assess clump disruption were acquired using a Nikon Eclipse Ti-U
fluorescence microscope (Nikon Instruments, Japan) with a 20x objective
and a Zyla 4.2 Plus sCMOS camera (Andor Technology Ltd, Belfast, UK).

RESULTS
Physical interaction with yeast provides selective advantage
to bacteria in a cross-feeding community
In order to investigate the effects of physical association on
interkingdom metabolic cooperation, we exploited the ability of E.
coli to bind to surface mannoproteins of S. cerevisiae via type I
fimbriae [40]. Indeed, we observed association between bacteria
and yeast cells and their ensuing co-aggregation in a co-culture
(Fig. S1A, Supplementary Materials and methods). These interac-
tions were abolished when mannose was added to the culture
medium (Fig. S1B), or in E. coli mutants lacking either the
mannose-binding fimbrial tip FimH (Fig. S1C) or the major subunit
of fimbriae FimA (Fig. S1D). This specific co-aggregation in the co-
culture of yeast with the fimbriated E. coli could be confirmed by
the analysis of microscopy images, where S. cerevisiae cells
displayed a significantly higher spatial autocorrelation and cross-
correlation with E. coli cells compared to all controls where
binding was prevented (Fig. S1E–I, Supplementary Materials and
methods).
To introduce mutualistic cross-feeding, this fimbriae-mediated

physical association was combined with an obligate metabolic
dependency between E. coli ΔtyrA strain that requires tyrosine for

G. Scarinci and V. Sourjik

372

The ISME Journal (2023) 17:371 – 381



growth and S. cerevisiae Δtrp3 strain requiring tryptophan (Fig. 1A,
B; Fig. S2A, B). This cross-feeding community showed fimbriae-
dependent co-aggregation between bacteria and yeast and
robust growth in co-culture (Fig. 1C, D, Fig. 2A and Fig. S3A–C).
Despite their metabolic interdependence, the two organisms
showed differences in their time course of growth, with S.
cerevisiae reaching the maximal cell density earlier than E. coli
(Fig. 2B). Although the expression of fimbriae in E. coli is known to
be phase-variable [44], we confirmed that the fraction of fimbria-
expressing cells was very high (~90%) under our conditions,
implying that the majority of genetically Fim+ E. coli cells possess
the ability to adhere to yeast (Fig. S5, Supplementary Materials
and methods).
While comparable growth profiles were observed when this

synthetic community was assembled with either Fim+ or fimbrialess
(ΔfimA) E. coli, both the overall final density of the co-culture and the
numbers of S. cerevisiae and E. coli cells were slightly but
significantly reduced when E. coli was fimbriated (Fig. 2B;
Fig. S4A-C). This reduction could be due to the formation of
multicellular clumps in the community containing fimbriated E. coli
(Fig. 1C). The impact of aggregation was indeed also observed in the
minimal medium supplemented with a mixture of amino acids
(Fig. S6A). In this case, only the number of S. cerevisiae cells was
reduced, which was mirrored by the increased number of E. coli cells
(Fig. S6B). These results indicate that co-aggregation directly affects

yeast growth, and indirectly reduces E. coli growth in a cross-feeding
community but not in the supplemented medium where the two
organisms rather exhibit competitive behavior.
Physical association might nevertheless confer a competitive

advantage to fimbriated E. coli cells in the cross-feeding
community, by ensuring their stable association and efficient
intermixing with the yeast partner and an enhanced access to
exchanged metabolites within co-aggregates (Fig. 1C). In order to
test this directly, we co-cultured fimbriated and fimbrialess E. coli,
each labelled with a different fluorescent marker, with the yeast
auxotroph. The abundances of each community member were
assessed by flow cytometry after complete disruption of cell
aggregates (Fig. S7). Although in these experiments both E. coli
strains were inoculated in equal amounts, we observed that
fimbriated cells were significantly more abundant in the final
community, and this enrichment was dependent on the interac-
tion with the yeast partner and on cross-feeding (Fig. 2C) and was
not influenced by the choice of reporter (Fig. S8). This increase in
abundance was even more pronounced at lower inoculation
density (Fig. S9), likely due to enhanced competition for
exchanged metabolites when the cross-feeding partners are
scarce. In contrast to previous observations in bacteria
[19, 24, 25, 45], the beneficial effect of adhesion in our synthetic
interkingdom community appears to rely on exchange of
diffusible metabolites rather than on direct cytoplasmic
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Fig. 1 Engineering of physically interacting cross-feeding community. A Schematic representation of metabolic dependencies within the
engineered community. E. coli (magenta) is auxotroph for tyrosine while S. cerevisiae (blue) is auxotroph for tryptophan. B Biosynthetic
pathway for aromatic amino acids. Arrows represent individual reactions, with the corresponding enzymes shown both for E. coli (magenta)
and for S. cerevisiae (blue). Enzymes that correspond to gene knockouts used in this study are indicated in bold. C, D Confocal microscopy
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connections between partners (Fig. S10). A comparable enrich-
ment of fimbriated E. coli was observed in a cross-feeding co-
culture of E. coli ΔtyrA with Δtrp4 strain of S. cerevisiae that is
interrupted at a different step in the tryptophan biosynthetic
pathway (Fig. 1B; Fig. S11).
In contrast to the co-culture grown in liquid media, there was

no significant increase in abundance of fimbriated E. coli cells in
communities grown on the surface of a minimal media agar plate,
indicating that fimbriation provides no competitive advantage
under these conditions (Fig. 2D, E). This difference from the well-
mixed liquid culture might be due to the spatial segregation
between fimbriated and fimbrialess E. coli strains into different
sectors of the colony, as observed previously [10, 14, 16, 46], which
prevents their local competition.

Partner adhesion reduces invasion of community by a cheater
One potential ecological benefit of the physical association
between species in communities could reside in protection

against the exploitation of shared metabolites by non-
cooperators that do not contribute to the consortium. We thus
engineered an E. coli strain with disruptions in both the
tryptophan and tyrosine biosynthetic pathways (ΔtyrA ΔtrpC) that
requires supplementation of both amino acids for growth (Fig. 3A;
Fig. S12). This strain behaves as a non-cooperating cheater
exploiting metabolites released by both partners for its own
growth without providing any benefits to the community, and it
mimics a plausible scenario how natural cheaters could emerge by
gene loss [47–49]. When this fimbriated cheater strain was
introduced in our community along with the partner (ΔtyrA) E.
coli strain, it showed localization to bacteria-yeast aggregates
(Fig. 3B) and growth within community but not with individual
partners (Figs. S12 and S13). The introduction of the cheater led to
a small but significant reduction of the community growth rate
and of the final OD, dependent on the dose of the cheater (Fig. 3C,
D; Fig. S14A, B, D, E). The number of yeast cells in the community
was also significantly reduced in the presence of the cheater

A

S. cer Δtrp3 + E. coli ΔtyrA Fim+

S. cer Δtrp3 + E. coli ΔtyrA ΔfimA

E. coli ΔtyrA Fim+

E. coli ΔtyrA ΔfimA

S. cer Δtrp3

Time (h)
0 24 48 72

0

-0.5
lo

g 10
(O

D
60

0) -1.0

-1.5

-2.0

-2.5

B

Time (h)
0 24 48 72

8

lo
g 10

 (p
ar

tn
er

s 
ce

ll 
co

un
t)

3

4

5

6

7

S. cerevisiae

E. coli

D

100 μm

E. coli ΔtyrA Fim+

E. coli ΔtyrA ΔfimA

S. cer Δtrp3

E

55

50

45Fi
m

A+ 
fra

ct
io

n 
(%

) cross-feeding

ns

C

cross
feeding

+mannose
+supplements

S. cer wt

Fi
m

+ 
 fr

ac
tio

n 
(%

)

clumping

65

60

55

50

45

****
****

ns

70

****

nsns

Fig. 2 Characterization of the engineered cross-feeding community. A Growth of the co-cultures incubated in the selective YNB-glucose
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were labelled as in (C). ns, not significant in a one sample t-test assessing difference from a 50% fraction average.
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(Fig. 3E; Fig. S14C, F). The community containing the fimbrialess E.
coli was more strongly affected by the initial dose of the cheater,
i.e., showed higher slopes of the regression fits in Fig. S14A–I. This
was apparently due to the reduced final cheater abundance in the
presence of partner fimbriation (Fig. 3D), since the regression lines

became similar for both communities when plotted against the
final cheater abundance, apart from differences due to the direct
reduction of community growth caused by E. coli fimbriation
(Fig. S14G–I). Thus, physical association with yeast helps the
bacterial partner to outcompete the cheater, and this beneficial
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effect of association could compensate or, in the presence of
higher number of cheater cells, even outweigh the aggregation-
dependent reduction of S. cerevisiae growth (Fig. S14C, F).
The dependence of cheater fraction and of the total E. coli cell

count on partner fimbriation was no longer significant in the
presence of mannose or in the absence of cross-feeding (Fig. 3F;
Table S2). The final fraction of cheater cells in E. coli population in
the supplemented medium was below 50% (around 40%),
indicating moderately lower fitness of the cheater compared to
the partner strain in the absence of cross-feeding, most likely due
to imperfect compensation of trpC deletion effects by supple-
menting medium with tryptophan. Nevertheless, this cheater
fraction was further significantly reduced in the cross-feeding
community, to 30% in the presence of the fimbrialess E. coli
partner and to 20% in the presence of the fimbriated E. coli
partner, possibly due to the negative selection on cheater-
enriched cell aggregates (see “Discussion”). Similarly, beneficial
impacts of partner fimbriation were observed when using a
fimbrialess cheater strain (Fig. S15) as well as for the alternative
yeast tryptophan auxotroph Δtrp4 (Fig. S16).
The enhancement of partner competitiveness due to its

fimbriation was again no longer detectable once the communities
containing the cheater were grown on a solid agar surface
(Fig. 3G, H). The fraction of the cheater cells in a colony, measured
by flow cytometry after colony resuspension, was ~11% and thus
generally lower than in the batch culture with or without partner
fimbriation (two-tailed t-test assuming equal variances of the data
sets, p < 0.0001). Such lower fitness of cheater might be the
consequence of spatial segregation between partner and cheater
bacteria within the colony (Fig. 3H; Fig. S17). However, S. cerevisiae
does not display an apparent segregation from E. coli cheaters,
most likely because the relatively small size of cheater sectors is
below the range of metabolic interactions within the colony [14]
(Fig. S17).
Beyond a single growth cycle of the community, we studied the

longer-term impact of partner fimbriation by culturing our
community in a semi-continuous growth mode. This was done by
transferring an inoculum from the culture to fresh media every 24 h
(Fig. 4A). In the absence of the cheater, such repeated transfers
eventually resulted in the establishment of a relatively stable
community (Fig. 4B, C). Consistently with previous experiments, cell
density and S. cerevisiae and E. coli partner cell counts were lower
when the E. coli partner was fimbriated (Fig. 4B, C). In contrast, in the
presence of the cheater, the community was no longer stable and
experienced a gradual decline after an initial phase of increased
density, with the count of yeast cells eventually dropping to a
number of events comparable to that in the blank, even though the
relative abundance of the cheater was low (Fig. 4D). In that case,
partner fimbriation became again beneficial, resulting not only in

largely reduced cheater and increased E. coli partner abundance,
but also leading to a significantly higher number of yeast cells over
most of the experimental time course (p < 0.05 and effect size,
calculated as Cohen’s d, larger than 1.5 from day 2 until day 8)
(Fig. 4C, D; Fig. S18), and consequently significantly delaying
community collapse (Fig. 4B). Thus, also under these conditions, the
benefit due to the exclusion of the cheater overweighed the
immediate negative impact of fimbriation on yeast growth,
although it could not prevent the eventual collapse of the
community.

Bacterial motility provides fitness benefit in presence of
adhesion
In aquatic environments, the ability of cells to actively move could
increase the encounter rate between partners, but it might also
enhance cell detachment. To test the impact of motility on the
relative fitness of bacteria in our community, we performed
competition assays between motile and non-motile E. coli partners
co-cultured with yeast (Fig. 5A). Two different non-motile strains of
E. coli were used, either deleted for flagellin gene fliC and thus
lacking flagellar filaments, or deleted for the flagellar motor gene
motA and displaying non-functional, yet structurally intact,
flagella. Moreover, we further tested a motile but non-
chemotactic E. coli strain (ΔcheY) that is no longer capable of
following chemical gradients in the environment. Since the
motility of the parental strain E. coli BW25113 used in the previous
experiments is generally poor, and large spontaneous variability of
swimming abilities was reported for its derivatives [50], here we
used another common K12-derived strain MG1655, where ΔtyrA
and the aforementioned motility and chemotaxis mutations were
introduced. Furthermore, since motility gene expression in E. coli is
repressed by glucose [51], fructose was used instead as the carbon
source. All knockout strains showed the expected motility
phenotypes under these experimental growth conditions
(Fig. S19). Moreover, no effects of fimbriation on swimming
(Fig. S20) or of motility on the on/off state of the fim promoter
(Fig. S21) were observed, confirming that motility and fimbriation
do not exhibit cross-regulation under our experimental conditions.
Motility was observed to provide a significant competitive

fitness benefit to E. coli at low initial cell densities and under
conditions of mixing in an orbital shaker, with over 60% of the
final E. coli partner population being wildtype for motility at the
initial OD of 0.001 (Fig. 5B), which is comparable to typical
microbial cell densities in aquatic environments [52]. This was true
for competition with either ΔmotA or ΔfliC strains, suggesting that
this effect is purely determined by motility, and not by possible
flagella-mediated adhesion [53]. In contrast, chemotaxis does not
seem to provide benefit under these conditions, since the fraction
of a non-chemotactic but motile ΔcheY stain was not statistically

Fig. 3 Partner adhesion reduces abundance of a non-cooperating cheater. A Schematic representation of metabolic dependencies within
the engineered community containing a non-cooperating E. coli cheater (labeled “C”; green), that is auxotroph for both tyrosine and
tryptophan in co-culture with S. cerevisiae Δtrp3 (labeled “S”; turquoise), and either a fimbriated (Fim+) or a fimbrialess (ΔfimA) E. coli partner
(labeled “P”; magenta). B Confocal microscopy images of cell clusters of S. cerevisiae expressing mTurquoise2 (blue) and either Fim+ or ΔfimA E.
coli partners expressing mCherry (magenta), in the presence of an E. coli Fim+ cheater expressing sfGFP (green). Scale bar = 20 µm. C Growth
of the co-cultures in the selective YNB-glucose minimal medium in the presence of 50% (turquoise) or 30% (gold) cheater. Solid and dashed
lines indicate communities containing Fim+ or ΔfimA E. coli partner, respectively. Error bars represent standard deviations of three biological
replicates. D Fraction of cheater in the total E. coli population in the same co-cultures as in (C). ***p < 0.001 and ****p < 0.0001 from one tailed
t-test assuming equal variances of the data sets, with large effect size (Cohen’s d > 1) for each comparison. E Numbers of S. cerevisiae (labelled
with mTurquoise2) and E. coli partner (labelled with mCherry) cells measured by flow cytometry in 20 µL of the same co-cultures as in (C).
***p < 0.001 from a post hoc analysis (Tukey HSD) performed after a two-way ANOVA confirming interaction between growth condition and
the effect of fimbriation (Table S2). F Fraction of cheater in communities containing either Fim+ or ΔfimA E. coli partner at the initial 50%
abundance of cheater, grown in YNB-glucose (orange) (Data from C), YNB-glucose supplemented with 4% mannose (red) and in in YNB-
glucose supplemented with CSM and with S. cerevisiae prototroph (green). ****p < 0.0001 from two tailed t-test assuming equal variances of
the data sets for three to six biological replicates, with very large effect size (Cohen’s d > 5). ns, non-significant, p > 0.15. Confocal microscopy
image of a colony sector (G) and the fraction of cheater in the total E. coli population (H) from co-cultures of S. cerevisiae with either Fim+ or
ΔfimA E. coli as indicated, and the cheater at the initial 50% abundance, grown on a 1% agarose plate for 10 days. ns, non-significant, from two
tailed t-test assuming equal variances of the data sets for three biological replicates.
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different from 50% even at low initial cell density. The benefit of E.
coli motility in the cross-feeding co-culture decreased and
eventually inverted at lower shaking rates (Fig. 5B and Fig. S22),
and both non-motile strains clearly outcompeted the motile one
when the culture was grown in the absence of shaking, possibly as
a consequence of co-sedimentation between non-motile E. coli
and S. cerevisiae cells. The slight but significant increase in fitness
of ΔcheY compared to the chemotactic strain in the absence of
shaking could also be due to its known [54] increased residence
time at the surface (Fig. S19B, G, H), and therefore more frequent
encounters with sedimented yeast cells.
The beneficial effects of motility at high shaking rates required

physical association between partners, since the beneficial effect
of motility was no longer present when the competing strains
were fimbrialess (Fig. 5C). It was also apparently related to cross-
feeding, with the fraction of ΔmotA cells showing an average close
to 50% once the community was grown in supplemented medium
(Fig. 5D). Cross-feeding was also necessary to observe the
beneficial effect of ΔmotA sedimentation or of ΔcheY surface
trapping under static conditions. The motile partner was out-
competed by ΔfliC knockout in the absence of cross-feeding,
which is consistent with the general growth advantage this strain
has due to the absence of burden imposed by flagellar

biosynthesis [51, 55]. However, this fitness cost of motility was
not observed in the non-aggregating cross-feeding community,
where the wildtype and ΔfliC strains maintained an equal ratio,
indicating that under these conditions the growth is not limited by
protein biosynthesis.
Motility of the E. coli partner also increased its competitiveness

against a non-cooperator strain in a turbulent environment. When
a motile cheater was introduced, in equal amounts with an E. coli
partner, in co-cultures with yeast (Fig. 5E), motility of the partner
modestly but significantly reduced cheater abundance when the
culture was grown with shaking, but only when the partner was
fimbriated. Consistent with the results above (Fig. 5B), the non-
motile ΔmotA strain showed higher fitness in the absence of
shaking, again likely due to the co-sedimentation with yeast.
Comparable results were also obtained when the cheater was
non-motile (Fig. S23A). The positive effect of partner motility was
abolished when the media was supplemented with CSM,
corroborating its dependence on cross-feeding (Fig. S23B).

DISCUSSION
Microbial communities relying on metabolite exchange have been
previously studied using different mutants of the same species
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[56–58] or natural isolates [59, 60], either in a dispersed liquid
culture [56] or under spatial assortment resulting from growth on
a surface or in a microfluidic device [9, 15]. Here we investigated
the impact of the direct physical association and co-aggregation
between the cooperating partners and of the partner motility,
which are frequently observed in natural suspended communities
growing in turbulent aquatic environments [28, 61, 62], using an
engineered mutualistic consortium between S. cerevisiae and E.
coli.
We observed that physical association and co-aggregation,

although moderately reducing the overall community growth,
provides competitive fitness benefit to the bacterial partner. This
effect is likely explained by the fact that proximity ensures

preferential access of associated partners to secreted amino
acids within co-aggregates. Proximity dependence of cross-
feeding has been previously observed for communities grown
on surfaces [26] or in microfluidic devices [9], where stable long-
range metabolite gradients can be maintained. Here we
demonstrate that the benefit of physical association can also be
observed in a turbulent environment. Since our synthetic
community is not likely to rely on a specific matrix that could
retain secreted metabolites [26, 63–65] or on direct cytoplasmic
channeling of metabolites, the efficiency of amino acid uptake by
the yeast-associated E. coli appears to be sufficiently high to
ensure that metabolites are locally consumed by the associated
partners before dispersing into the environment. Physical
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minimal medium. Error bars represent standard deviations of six biological replicates represented as circles. ****p < 0.0001, ***p < 0.001,
**p < 0.01 from paired t-test.
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association and formation of mixed aggregates might further
enhance partner intermixing, which is generally important for
mutualistic interactions [17].
Besides its immediate benefit to the bacterial partner, physical

association partly protects the community as a whole against
invasion by a non-cooperating bacterial cheater strain that
consumes but does not share metabolites. Although under our
conditions such a cheater establishes itself in the community at a
relatively low frequency, it can nevertheless cause community
collapse in semi-continuous co-culture. This is consistent with the
theoretically predicted and experimentally observed tragedy of
the commons [4–6, 66–68], and it contrasts with the coexistence
between the partner and cheater described in previous studies
[68–72]. We hypothesize that decrease in cheater abundance and
delayed community collapse in the presence of the fimbriated
bacterial partner result from faster growth of aggregates that
contain fewer cheater cells, since the non-cooperating strain
makes no contribution to the growth of the aggregate. Such
effect, that has been previously theorized [73] and described as
analogous to the Simpsons paradox [74], leads to the overall
decrease in the cheater abundance in the community. This
beneficial protective effect of co-aggregation on the community
in the presence of a non-cooperator overweighs its cost for the
community growth.
These fitness advantages of fimbriation in suspended co-culture

are no longer observed when communities are grown on a solid
medium, likely because the segregation between E. coli strains
provided by the spatial structure of the colony [16] reduces their
direct competition and ensures that resources are only shared locally
even without direct physical association between partners. This
segregation may also reduce local growth of non-cooperating
community members, as already reported previously [10], and we
indeed observed a lower fraction of cheater cells within the colony
community than in the non-aggregating liquid culture.
In a turbulent environment, interacting partners could further

profit from motility, which allows them to outcompete the non-
motile partners and to reduce invasion by a cheater strain.
Consistent with previous studies [51], although flagella biosynth-
esis showed a pronounced burden on E. coli growth in
supplemented medium, we observed that motility has a net
benefit under cross-feeding conditions. This advantage of motility
is likely explained by the increased encounter rate and therefore
of association between fimbriated bacteria and yeast cells that are
kept in suspension by mixing, as previously described for
interactions between motile bacteria and suspended particles
[75, 76]. In aquatic environments swimming remains faster than
stirring at the spatial scales below 0.1–1mm [77], meaning that
motility can enhance local cell encounters even in a well-mixed
culture. Consistent with that, motility provided an advantage only
at low initial cell densities, comparable to the ones observed in
aquatic environments [52], where locating partners is particularly
challenging. An additional enhancement of attachment might
result from the non-homogeneous distribution of motile organ-
isms in the presence of turbulence [78, 79]. In contrast, in the static
co-culture non-motile bacteria might have an advantage regard-
less of physical association, because of their co-sedimentation
with yeast and thus closer proximity to the partner in the sessile
community of the sediment.
In summary, we demonstrate that direct physical association

and partner motility can provide fitness benefits to one or both
partners in the mutualistic community growing in a turbulent
environment, which outweigh their costs at low initial density of
the co-culture and in the presence of non-cooperators. Since low
densities and the presence of competitors are likely to be
common in aquatic environments, we propose that these benefits
might explain the widespread presence of mechanisms involved
in cell-cell adhesion and motility in natural pelagic communities
[27, 28].
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