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Biofilm formation is an important and ubiquitous mode of growth among bacteria.
Central to the evolutionary advantage of biofilm formation is cell-cell and cell-surface
adhesion achieved by a variety of factors, some of which are diffusible compounds
that may operate as classical public goods—factors that are costly to produce but may
benefit other cells. An outstanding question is how diffusible matrix production, in
general, can be stable over evolutionary timescales. In this work, using Vibrio cholerae
as a model, we show that shared diffusible biofilm matrix proteins are indeed suscep-
tible to cheater exploitation and that the evolutionary stability of producing these
matrix components fundamentally depends on biofilm spatial structure, intrinsic
sharing mechanisms of these components, and flow conditions in the environment.
We further show that exploitation of diffusible adhesion proteins is localized within a
well-defined spatial range around cell clusters that produce them. Based on this exploita-
tion range and the spatial distribution of cell clusters, we constructed a model of costly
diffusible matrix production and related these length scales to the relatedness coefficient
in social evolution theory. Our results show that production of diffusible biofilm matrix
components is evolutionarily stable under conditions consistent with natural biofilm habi-
tats and host environments. We expect the mechanisms revealed in this study to be rele-
vant to other secreted factors that operate as cooperative public goods in bacterial
communities and the concept of exploitation range and the associated analysis tools to be
generally applicable.
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Biofilms are an ancient and ubiquitous form of bacterial life in which cells form
surface-attached groups embedded in an extracellular matrix (1). Biofilm-dwelling bac-
teria gain survival advantages from the matrix, including resistance to chemical and
biological threats such as antibiotic exposure, host immune system defenses, and inva-
sion and predation by other species (2-6). Biofilm formation also contributes to the
pathogenicity of many infectious bacterial species and thus makes an outsized impact
on human health (7-10). The evolutionary advantage of biofilm formation is often
tied to cell—cell and cell-surface adhesion, through which biofilm-forming species gain
strength in numbers, resistance to physical disturbance, and physical association with
favorable surfaces (11, 12). Indeed, in the native habitats of many biofilm-formers,
nutrient distribution is heterogeneous and often localized around solid substrates
(13-15). Among the components of the extracellular matrix, exopolysaccharides and
accessory proteins have been suggested to play dominant roles in biofilm adhesion to
both biotic and abiotic surfaces in different species (3).

In order to function properly, the adhesive molecules associated with biofilm matrix
must be secreted outside of cells. This raises an important question: Is the production
of adhesive molecules exploitable, and if so, what conditions allow for their evolution-
ary stability? In many contexts, secreted beneficial substances that diffuse away from
producing cells can be scavenged by exploitative mutants (often termed cheaters), lead-
ing to a public goods dilemma (16, 17) in which cooperative behaviors partially or
completely break down because producing cells, which pay a metabolic cost, are out-
competed by exploitative mutants (17-20). The diffusive nature of secreted public
goods necessarily leads to a characteristic length scale over which they can be shared or
exploited (21-24). Previous literature has introduced the idea that secretion of public
goods can be stabilized against exploitation if this length scale is smaller than or similar
to the scale over which clonemates are clustered together, allowing cooperative cells to
preferentially help each other relative to the population as a whole (25-29). This prin-
ciple is directly analogous to the classical statement of social evolution theory that
cooperation can be favored by natural selection when the benefits of receiving coopera-
tive help, weighted by the relatedness coefficient among givers and receivers of coopera-
tion, exceed the costs of cooperation (30).

Several studies have explored the competitive dynamics of partially shared matrix
components in colonies on agar or pellicles at the air-liquid interface (31-35), which
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can serve as excellent experimental platforms; but the continuous
film of bacteria formed in these cases does not always correspond
to scenarios in nature where isolated cell clusters are separated
from each other in space. In many cases, biofilm-forming bacte-
ria form cell clusters due to constraints on movement or mother-
daughter cell adhesion, and these clusters may be sparsely or
densely distributed in space depending on environmental condi-
tions (36). The physical size of these clonal clusters and the dis-
tance between them therefore represent two independent length
scales. In principle, these two length scales should be compared
with the diffusive length scale of the public goods to determine
the physical conditions that stabilize cooperative product secre-
tion against cheating.

The biofilm-producing pathogen and marine microbe Vibrio
cholerae offers an excellent model for studies that may provide a
close coupling of theory and quantitative empirical testing on
distance-dependent cooperative behavior. V. cholerae produces a
suite of matrix components—including vibrio polysaccharide
(VPS) and the proteins RbmA, RbmC, and Bapl—that have
been extensively characterized. VPS and RbmA are shared in a
restricted fashion within secreting cell lineage groups and thus
are minimally susceptible to exploitation by nonproducing cells
(4, 37-40); this pattern has also been observed for major matrix
components in Pseudomonas aeruginosa and Bacillus subtilis (33,
34, 41, 42). On the other hand, RbmC and Bap1, which are
particularly important for adhesion of cell clusters to underly-
ing surfaces, can diffuse far away from producing cells (37, 43).
Here, we establish that these two matrix proteins are exploitable
by nonproducing cells, creating an associated public goods
dilemma. Competition assays between producers and nonpro-
ducers of RbmC and Bapl in static culture and with flow reveal
the conditions under which populations of adhesion protein
producers can resist invasion by cheating cells. We further
show that exploitation of these matrix components takes place
within a quantifiable spatial range, which depends critically on
rates of diffusion and advection. As a result, sparse distribution
of cell groups and environmental flow that limits the spatial
range of shared products work jointly to limit exploitation of
the diffusible matrix. This resolution links well to the ecology
of V. cholerae biofilms in natural habitats and can be straight-
forwardly related to fundamental social evolution theory (30).

Results

RbmC and Bap1 Are Exploitable Public Goods in V. cholerae
Biofilms. To study competition between diffusible matrix
(RbmC and Bap1) producers and potential cheaters in V. cholerae
biofilms, we used a strain background (vvaW24OR) locked in a
high level of cyclic diguanylate that constitutively up-regulates
biofilm production machinery (44). Using a constitutive
biofilm-producing background allowed us to perform biofilm
culturing experiments more readily while avoiding confounding
factors from biofilm gene regulation, but our results can be
obtained with a wild-type V. cholerae background as well (57
Appendix, Fig. S1). We generated an isogenic mutant with dou-
ble deletions of 76mC and bapl as the cheating strain because of
their functional redundancy in conferring surface adhesion (37,
43, 45). The producer and cheater each expressed a different
fluorescent protein to distinguish them from each other (87
Appendix, Fig. S2). We first examined whether there is a fitness
cost for producing RbmC and Bapl by comparing producer
and cheater growth rates in monoculture. As shown in Fig. 14,
the growth rate of the producer was significantly lower than
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that of the cheater, demonstrating a substantial cost of produc-
ing these matrix components.

To document the degree of retention versus diffusive sharing
of RbmC and Bapl, we performed a quantitative Western assay
and found that 83% of RbmC and 68% of Bapl were retained
within producer biofilms, with the remaining protein detected in
the surrounding liquid medium (Fig. 1B). Recapitulating prior
literature, this result confirms that a substantial fraction of RbmC
and Bapl molecules can leave the cell clusters that produce them
(37, 43). Next, to confirm that the molecules diffusing into the
medium can be exploited by the cheaters, we tagged the C termi-
nus of RbmC or Bapl with a 3XFLAG epitope and followed
their spatal distributions in cocultured biofilms using in situ
immunostaining. The staining results show that significant
amounts of RbmC and Bapl were relocated from producer to
cheater biofilm clusters (Fig. 1 Cand S/ Appendix, Fig. S3).

To determine whether exogenously acquired Bapl and
RbmC are functional in adhering cheater cell clusters to the sub-
stratum, we grew producer and cheater biofilms separately and
in coculture in 96-well plates. After growing biofilms statically
for 16 h, we compared the biofilm biomass remaining on the
glass substratum after a washing step that removed any weakly
adherent cell clusters (Materials and Methods, Static Competition
Assay with End-point Flow Disturbance) (Fig. 1D). We found
that in monocultures, almost all producer cell clusters remained
surface-bound after washing, whereas nearly zero biomass was
found for cheater biofilms after the disturbance, consistent with
the absence of surface adhesion in the cheater strain. In contrast,
in the coculture of producer and cheater, some of the cheater
cell groups were able to resist the strong fluid flow during the
washing step. Coupling this observation with the immunostain-
ing results, we inferred that adhesion can be partially restored in
cheater biofilms by taking advantage of the adhesion proteins
produced by the cohabitating producers. Overall, these results
confirm that the shared matrix proteins RbmC and Bap1 in V.
cholerae biofilms are cooperative products that draw a significant
cost to produce and are susceptible to cheater exploitation.

Exploitation Range and Community Spatial Structure Jointly
Determine the Outcome of Competition between Producers
and Cheaters. Because RbmC and Bapl are costly to produce
but exploitable by cheating strains, it is possible that nonproduc-
ing cells could outcompete producing cells in coculture. To test if
this is true, we first competed producer against cheater in a static
environment. The initial biomass of both strains was quantified
by the inoculation number densities (69, and 6. for producer
and cheater, respectively; 69 = 0y, + 00 is the total inoculation
number density). After 16 h of growth, the total biomass in
three-dimensional (3D) space was quantified both before and
after washing (Materials and Methods, Microscopy, Biomass Quan-
tification, and Growth Rate Measurement, SI Appendix, Fig. S4).
The competition assay was initiated at different initial frequencies
of the producer fj, = 60,5/ (00,p + 60,c) for a range of total inoc-
ulation number density 6. Representative images and quantita-
tive outcomes of experiments are shown in Fig. 24-D, where
Afi, =fip—fopand Afy, =, — fo,p are the frequency changes
of the producer compared to f5, before and after washing,
respectively.

We found that before washing, cheaters outcompeted pro-
ducers at all initial frequencies, and the fitness of the producer
decreased as the inoculation density oy decreased (Fig. 2D).
This is because in a static environment, both producers and
cheaters compete for the same nutrient pool, and the cheater
has a substantial advantage in growth rate (Fig. 1A); also,
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Fig. 1.

RbmC and Bap1 are exploitable public goods in V. cholerae biofilms. (A) Growth rates of the producer strain and the cheater strain (Abap7ArbmC)

from n = 10 independent replicates (****P < 0.0001, Mann-Whitney U test). Strains expressing mScarlet-l and mNeonGreen are shown by filled and empty
markers, respectively. Horizontal bars inducate the mean values. (B) Top: Western blot showing Bap1 and RbmC in the biofilm (Pellet) and in the cell-free
supernatant (Sup.). Bottom: Quantification of the fraction of protein retained in biofilm. Error represents the SE from n = 3 independent replicates. (C) A rep-
resentative confocal image 7 um above the substratum of a coculture of producer (red) expressing 3xFLAG-tagged RomC and cheater (yellow), stained with
Cy3-conjugated anti-FLAG antibodies (cyan) to show the spatial distribution of RomC. (Scale bar, 10 pm.) (D) Monoculture of producer (red), monoculture of
cheater (yellow), and coculture of producer and cheater before and after washing. The producer constitutively expressed mScartlet-l, and the cheater consti-

tutively expressed mNeonGreen. Image size: 222 x 222 x 60 pm.

importantly, the benefit of shared adhesion protein production
to biofilm cells does not manifest in a disturbance-free environ-
ment. The decrease in producer fitness with decreasing o is
due to finite resources in the static environment: At high oy,
both strains can only undergo a short period of growth before
reaching the environment’s carrying capacity, limiting the total
change in relative abundance of the two strains that can occur. A
classic resource-limited competition model reproduced the com-
petition results in a static environment (S/ Appendix, Fig. S5).

In the competition data after washing, producer fitness was
systematically increased compared to the competition before
washing, suggesting that cheater biomass is preferentially removed
compared to producer (Fig. 2D). Importantly, this pattern shifted
with 6y and corresponded to negative frequency-dependent selec-
tion for RbmC and Bapl production at 6y < 0.001: At low ini-
tial coverage, the producer was positively selected at low inidal
frequency. This is evident in Fig. 2F where the competition
data are sorted based on inoculation number density 6. We
expect that at even lower inoculation number densities, the sta-
ble point will move to f5, =1 (i.e., the producer will always
win regardless of the initial frequency); obtaining sufficient sta-
tistics at such low oy is, however, experimentally difficult due to
limits on field-of-view acquisition with sufficient detail to make
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accurate measurements. We also note that the magnitude of
Afp —Afi p, the fitness difference in producer before and after
washing, increased with decreasing oy (Fig. 2E), hinting at the
importance of the distance between producer and cheater clus-
ters for the effect of shear disturbance on population dynamics.
To understand the mechanism underlying the sharing
dynamics in the competition assay, we analyzed how exploita-
tion of diffusible matrix adhesion proteins takes place in a spa-
tial context. We observed that at low 6, cheater biomass was
distributed predominantly around isolated producer clusters
after washing (Fig. 34). Based on this observation, we hypothe-
sized that there exists a finite spatial range in which cheater cell
clusters are protected against fluid disturbance by RbmC and
Bapl secreted by the producer (Fig. 3B). We defined the radius
of this range as the exploitation radius R, which we extracted
by calculating the cross-correlation between the producer and
cheater biomass distributions in the cocultures after washing
(Fig. 3C). Conceptually, the farther away a cheater cluster is
from a producer cluster, the less likely that it persists on the
substrate after washing; this leads to a decaying likelihood of
finding cheater biomass around producers with increasing dis-
tance. By assuming an exponentially decaying cross-correlation,
we arrived at an exploitation radius R value of 49 + 11 pm
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Fig. 2. Competition between adhesion protein producer and cheater strains in a static environment. (A-C) Producer (red) and cheater (yellow) biofilms
grown in a static environment before and after washing with different inoculation number densities oy corresponding to data labeled in E. (Scale bars,
100 pm.) (D) Adhesion protein producers in competition with cheaters before and after washing. (E) Adhesion protein producers in competition with cheat-
ers in different oo ranges (color-coded) in a static environment. Each data marker denotes the frequency change in producer after washing (4f2,), and the

corresponding frequency change before washing (4f; )
responding to images in (A), (B), and (C), respectively.

(Fig. 3C and SI Appendix, Fig. S6; Materials and Methods,
Quantification of Exploitation Range and Protection Probability).
Note that this value is significantly larger than the physical size
of the producer cell cluster, 7 (= 9 pm). This value agrees with
the visual inspection of cheater distribution in Fig. 34. Using
this method, we also confirmed the partial redundancy of
RbmC and Bapl in providing adhesion between surfaces and
cell clusters, as both single mutants gave a similar exploitation
radius (87 Appendix, Fig. S7).

Next, to cross-check the value of exploitation radius R and
to show how this concept can quantitatively explain competi-
tion dynamics, we constructed a spatial model to interpret the
dependence of competition outcome on inoculation number
density and initial producer frequency (Materials and Methods,
Spatial Exploitation Model Based on Randomly Distributed
Disks). Briefly, we assumed that each producer cell cluster
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is connected to it by an arrow (4f1 p — Af2,). Arrows labeled with A, B, and C indicate data points cor-

originates from a randomly distributed founder cell, inoculated
at a number density oy, (Fig. 3D). As such, cheaters within a
distance R from any producer cluster remain adherent after
washing; otherwise, they are removed. In this setting, the prob-
ability Pyrorection Of @ cheater cluster falling into the exploitation
radius of any producer cluster and being protected from flow
disturbance is related to the total exploitable area provided col-
lectively by all of the producers in the system. To calculate the
latter, we treated each producer cell cluster as contributing a
disk of area 7R? of protection (Fig. 3D). Note that these imagi-
nary disks can overlap with each other because there is no con-
straint on the distance between inoculated producer cells. The
relation between aop, R, and Pyroreciion can be derived from
probability theory: Pprocection = 1 — exp (faop -nR ) (Fig. 3D;
Materials and Methods). Importantly, Pyroreciion can be easily
extracted from the biomass data before and after washing by
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Fig. 3. A spatial exploitation model quantitively explains competition dynamics. (A) Representative confocal image of a coculture of producer (red) and
cheater (yellow). The maximum intensity projection image shows the distribution of cheater biomass around isolated producer clusters after washing. (Scale
bar, 50 pm.) (B) Schematic of exploitation radius R provided by diffusion of adhesion proteins (blue triangles) from a producer cluster (red cluster). A cheater
cluster at the edge of the exploitation range is shown as a yellow cluster. rq is the physical radius of the producer cluster. (C) Exploitation radius determined
as R=49 + 11 pm by analyzing the cross-correlation between the distribution of producer and cheater biomasses. Error represents the SE from n = 4 inde-
pendent replicates. The peak at 18 um corresponds to 2rg. The horizontal dashed line indicating e~! of the maximum cross-correlation intersects at 58 pm,
corresponding to R+ ro. (D) Schematic of the spatial model quantifying the protection probability Pyroteciion cOnferred by randomly distributed producer clus-
ters. Each inoculated individual cell contributes to an area of protection around it, and all producer clusters collectively yield Pprotection = 1 — eXp (—co,p - 7R?),
where oq, is the inoculation number density of the producer. (E) Experimentally measured Pprotection Plotted versus ogp. Fitting the data with the equation in

D yields R=63 + 7 pm with 95% confidence bounds. a.u., arbitrary units.

identifying Pprotection as the portion of cheater biomass remain-
ing adherent after washing (87 Appendix, Fig. S4). Fitting
Pprotection Versus 6, from experimental data with the theoretical
relation yields R = 63 + 7 pm, where the error corresponds to
95% confidence bounds (Fig. 3£). This value is slightly higher
than the value extracted above (49 + 11 pm), but the agree-
ment between the two estimates—one from direct quantifica-
tion of biomass distribution and the other derived from the
spatial exploitation model—is remarkable. The two methods
serve as a consistency test for each other and corroborate our
hypothesis that exploitation of matrix proteins can take place
beyond the physical size of the clonal cluster but only within a
finite, well-defined length scale. A two-part model combining
the spatial exploitation model with the structureless competi-
tion model can qualitatively reproduce all the experimental

data in the 96-well plate (SI Appendix, Fig. S5).

Flow Shifts the Competition between Producer and Cheater
by Modulating the Exploitation Range of Shared Adhesion
Proteins. Thus far, we have studied the population dynamics of
RbmC/Bapl-producing and cheating strains in static liquid
environments; however, in natural contexts of V. cholerae and
many other microbes, including on marine detritus (so-called
marine snow) (46), biofilms grow under continuous fluid flow.
Indeed, flow has been shown previously to alleviate the poten-
tial for exploitation in case of secreted digestive enzymes (27)
in biofilms growing on chitin.To understand how a continuous

PNAS 2022 Vol. 119 No.27 2123469119

flow might shift the competition between diffusible matrix pro-
ducers and cheaters, we conducted competition assays in micro-
fluidic channels with a flow rate of 1 pL/min, corresponding to
an average flow speed of 694 pm/s (Materials and Methods,
Competition Assay under Flow). This flow speed falls into the
range of the measured speed of sinking marine snow particles,
the natural context of (non-host-associated) V. cholerae and
many other marine bacteria (47, 48).

The presence of flow dramatically changed the population
dynamics relative to static cocultures: Competition was gener-
ally neutral at medium to high inoculation density (69 > 0.01),
indicating that RbmC/Bapl-producer and cheater strains can
coexist under this condition (Fig. 44-D). In contrast, at
60 < 0.01, producers outcompeted cheaters regardless of initial
population composition. Compared to a static environment,
continuous flow generally enhanced the fitness of the RbmC/
Bap1-producer against cheating strains (Fig. 2E). For example,
in the range 0.01 <6y < 0.1 and f;, # 0.5, an increase in the
flow rate from 0 to 1 pL/min increased the fitness of the pro-
ducer, an effect that saturated beyond 0.5 pL/min under our
experimental conditions (Fig. 4E).

To understand mechanistically how fluid flow shifts the
competition between RbmC/Bap1 producers and cheaters, we
performed numerical modeling of the fluid flow and adhesion
protein concentration around a producer cluster attached to the
surface at different average flow speeds U (U =1 in simula-
tions corresponds to 1 pL/min in experiments). The producer

https://doi.org/10.1073/pnas.2123469119 5 of 10
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Fig. 4. Flow shifts the competition between producer and cheater by modulating the exploitation range of the adhesion protein. (A-C) Representative maxi-
mum intensity projection images of producer (red) and cheater (yellow) biofilms grown in a microfluidic channel with different s corresponding to data
labeled in D. (Scale bars, 100 pm.) (D) Producers in competition with cheaters at different oo in a flow environment (flow rate = 1 pL/min). Arrows labeled
with A, B, and C indicate data points corresponding to images in (4), (B), and (C), respectively. (F) Dependence of Af, on flow rate. Data labeled static were
obtained from the static competition assay in 96-well plate. Data were taken at 0.01 <6p <0.1 and 0.4 <f;, <0.6. One sample t test was used to examine if
Afp is statistically different from 0 (*P < 0.05 and **P < 0.01; n = 4, 4, 4, and 13). (F) Simulated depth-averaged adhesion protein concentration in a flow
chamber at different average flow speeds U. The concentration is normalized by the value at the edge of the producer cluster at U = 0. The red disk corre-
sponds to a producer cluster of radius ro = 10 pm. (G) Distribution of adhesion protein Bap1 (cyan) around producer clusters (red) at the surface of the flow
chamber shown by Cy3-conjugated anti-FLAG antibody staining. The corresponding simulation result is shown in the inset (Lower left). (Scale bar, 100 pm.)
(H) Effective R as a function of concentration threshold for protection at different flow rates in simulations. The horizontal line indicates the edge of the pro-
ducer cluster at ro. A threshold concentration of 0.23 (vertical dashed line) yields R = 60, 22, and 14 pm for U = 0, 0.1, and 1, respectively. (/) Pprotection VErsus
oop Calculated for different R values. a.u., arbitrary units; ns, not significant.

cluster is modeled as a surface-attached hemisphere and secretes
matrix molecules at a constant rate from the biofilm—fluid
interface (Materials and Methods, Flow and Adhesion Protein
Simulation in a Microfluidic Environment). The simulation
results show that compared to the purely diffusive case, the
adhesion protein concentration was drastically reduced around
the producer cluster due to advection at a finite flow speed
(Fig. 4F). Furthermore, the advective transport resulted in a
comet-tail profile of the protein concentration at the glass sur-
face along the wake of the fluid flow, which we confirmed in
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the immunostaining experiment performed under the same
condition (Fig. 4G).

To explain the difference in fitness of the producers in the
static and flow environments, we again applied the concept of
exploitation range. Assuming a threshold concentration above
which cheater biofilms receive sufficient adhesion proteins to
resist flow, the corresponding effective R around producer cell
clusters can be derived based on the simulated concentration
profiles of RbmC/Bapl at different flow speeds (Fig. 4F). As U
increases, the effective R reduces sharply: For example, setting
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an arbitrary threshold, as shown in Fig. 4H, yields R = 60, 22,
and 14 pm for U = 0, 0.1, and 1, respectively. The ensuing
Pyrocection> Which is dependent on R, decreases dramatically with
decreasing R as shown in Fig. 4/ Our simulaton results thus
show that flow shrinks the effective exploitation radius conferred
by an individual producer cluster (27), which in turn reduces
Pprotection and positively shifts the competitive dynamics toward a
regime that increasingly favors RbomC/Bap1-producing cells. The
dependence of Ppoection 0n flow therefore qualitatively accounts
for the dependence of fitness on flow (Fig. 4E). Combined with
the distance between producer cell clusters driven by sparse single
cells colonizing the surface, flow limits the spatial range of shar-
able matrix components and averts exploitation of sharable matrix
adhesion proteins.

Discussion

Cell—cell attachment and cell-surface adhesion are often critical
to the evolutionary advantage of biofilm formation. The extra-
cellular matrix plays an important role in controlling biofilm
organization and adhesion (37-39, 45, 49-54), and under-
standing the evolutionary dynamics of its production remains
an active area of work in this research domain. The biofilm
matrix often contains components that vary in their diffusion
properties and potential for exploitation by cells that do not
produce them. In this study, we explored the population
dynamics of diffusible matrix protein production in V. cholerae
biofilms. We carried out competition assays under static and
flow conditions, both of which are frequently encountered by
V. cholerae in native habitats and in hosts (47, 48, 55). We
found that the matrix components RbmC and Bap1, as diffus-
ible public goods, can be exploited and confer resistance to
physical disturbance to clusters of nonproducing cells within a
finite spatial range around producer cell clusters. This exploita-
tion range depends on the diffusion—advection condition of the
environment, where a continuous flow effectively shrinks the
exploitation range and consequently suppresses cheater exploi-
tation. In their marine and freshwater reservoirs, V. cholerae
cells often attach to floating food particles and experience shear
flows (47, 48). During infection, V. cholerae biofilms are pri-
marily localized on the tips of intestinal villi and therefore expe-
rience peristaltic flow in the gut (55). The flow speed and the
associated shear stress used in this study fall within the range
measured in these environments (56). The population densities
of V. cholerae cells in natural ecosystems have been measured as
ranging from 10% to 10° cells per liter (57), corresponding to
an average distance between cells on the order of millimeters in
3D space. Thus, our results suggest that the combination of
flow and low cell density drives the competition dynamics in
favor of RbmC and Bap1 producers and leads to the evolution-
ary stability of these diffusible matrix proteins in V. cholerae.

It is interesting to contrast our results with those for the other
major matrix protein in V. cholerae biofilms, RbmA, which
(together with VPS) is responsible for high-density cell—cell
packing within biofilm cell clusters. RbmA is secreted and shared
in a limited fashion within cell lineage groups producing it, con-
ferring protection from exploitation with little dependence on
the distance between clusters of producing versus nonproducing
cells (4). We envision that the different sharing dynamics of
RbmA, RbmC, and Bapl are constrained by their function as
components of the biofilm matrix. RbmA, which holds mother-
daughter cell lineages together, must be sequestered and stay in
close proximity to producing cells to perform this function.
RbmC and Bapl, on the other hand, must travel a distance
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away from producing cells to confer adhesion between cell
groups and underlying surfaces, making them inherently sharable
and exploitable; the exact biochemical and biophysical mecha-
nisms underlying this difference await future research. As a con-
sequence, different matrix components—even those produced by
cells of one species within the same biofilm—can have different
environmental constraints and population structures as condi-
tions for their evolutionary stability.

Our results have a straightforward correspondence with social
evolution theory. Hamilton’s rule provides the canonical condi-
tion under which cooperation is favored by selection: The fitness
benefit of receiving cooperative help, weighted by the relatedness
coefficient that quantifies the correlation between recipient geno-
type and cooperative actor genotype (58-60), must exceed the
cost of the cooperative behavior (18). Putting this principle into
the context of our experiments, the cost of RbmC and Bapl pro-
duction is set by their regulation (here, nearly constitutive) and
nutrient supply conditions, and the benefit is set by the extent to
which shear stress is applied to biofilms (S/ Appendix, Fig. S8).
The relatedness coefficient—taking note again that this effec-
tively measures the extent to which RbmC/Bap1-producing cells
benefit each other relative to the total population composition
(28, 58, 60-62)—is controlled by the range over which
RbmC and Bapl diffuse and the spatial distribution of pro-
ducer and cheater cell clusters (26, 28, 29, 58, 62, 63). In
many reported cases, the clustering of clonal cell lineages
within mixed biofilm communities can be sufficient to stabi-
lize cooperation against cheating (25-29). Here, however, the
spatial range of RbmC/Bapl sharing was larger than the size
of clonal cell clusters due to the leakage of these proteins from
groups of producing cells, and the associated public goods
dilemma could not be resolved by clonal group clustering
alone. Instead, the solution is rooted in the combination of
biophysical mechanisms of protein retention and diffusion,
community spatial structure, and environmental perturba-
tions, all captured in the spatial exploitation model (Fig. 3).

The key parameter in our model, the exploitation radius R,
can additionally depend on many physiological factors includ-
ing the production rate of the matrix, duration of biofilm
growth, aggregation of adhesion proteins, uptake of adhesion
protein by cheater matrix, and biofilm dispersal (64). Competi-
tion for binding to the exopolysaccharides and for surface
adsorption from other biomacromolecules in the environment
may also reduce R (65). In addition, although we have assumed
R to be constant in our spatial model of Pyoreciions R does
appear to vary and drop to a much smaller value when the
inoculation number density goes above 10" cells/100 pm? (S7
Appendix, Fig. S9). This can be understood as follows: At a
high total inoculation number density, the size of each pro-
ducer cluster is smaller due to nutrient limitation, and the con-
centration of secreted proteins around each producer cluster is
consequently reduced. Additionally, the elevated incorporation
of adhesion proteins into the surrounding cheater clusters fur-
ther constrains the exploitation range. In the limit of a conflu-
ent biofilm layer, the system reduces to the well-studied case of
a densely packed bacterial colony (21, 23). Another approxima-
tion in our Pporecion Model is that the density of producer clus-
ters is taken as the inoculation number density of producer
cells, 6op. In practice, we observed a modest increase in the
number of producer clusters at the end of the experiment due
to cell dispersal and recolonization (87 Appendix, Fig. S10). To
account for these details, a multiscale model that considers
these additional factors should be implemented, which we leave
for future studies. Nevertheless, our simplified spatial model
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already provides a good quantitative description of the underly-
ing dynamics of cooperative matrix protein production, espe-
cially in the low seeding density regime most relevant to the
natural conditions of V. cholerae. While the concept of exploita-
tion range has been discussed in relation to public goods
production in bacterial communities (26-29, 66-69), direct
quantitation of the exploitation radius and a close comparison
between model and experiment, as we achieved here, represent
important steps forward. Our study thus provides both a con-
ceptual guideline and technical tool set for future studies on
how to quantify public goods sharing in relation to population
structure in the biofilm context.

Finally, previous work has shown that in the cases of extra-
cellular enzymes (27, 70, 71), siderophores (23, 72), and auto-
inducers (73-75) as diffusive public goods, clonal segregation
and efficient consumption of public goods (or their enzymatic
products and complexes) through high local cell density and a
high uptake rate can minimize the potential for exploitation in
the context of continuous films (21, 26, 27). In the context of
spatially discrete clonal clusters, we expect the evolutionary sta-
bility of these public goods to be determined by the interplay
between the exploitation range and the spatal structure as
shown here.

Materials and Methods

Methods for protein quantification, the two-part competition model, and the sta-
tistical analysis are further described in SI Appendix, Materials and Methods.

Strains and Media. All V. cholerae strains used in this study were derivatives
of the wild-type Vibrio cholerae 01 biovar El Tor strain C6706 and are listed in
SI Appendix, Table S1. All strains harbor a missense mutation in the vpvC gene
(vpvC"*4%R) that elevates intracellular cyclic diguanylate (c-di-GMP) level and
are robust biofilm formers (44). This allowed us to focus on the ecological con-
sequences of adhesion protein production in V. cholerae biofilms rather than
behaviors involving gene regulation. Additional mutations were genetically
engineered using the natural transformation method or through the suicide
vector pKAS32 (76, 77). All strains were grown overnight in lysogeny broth (LB)
at 37 °C with shaking. Competition assays were performed in M9 medium and
supplemented with 2 mM MgSOj, 100 pM CaCl,, 0.5% glucose, and 0.1 mg/
mL bovine serum albumin (BSA). BSA was required for blocking nonspecific sur-
face adsorption in the immunostaining experiments; to be consistent, we
included BSA in all competition assays as well.

Static Competition Assay with End-point Flow Disturbance. V. cholerae
strains carrying different fluorescent proteins were streaked onto an LB agar plate
and grown overnight at 37 °C. Single colonies with a rugose morphology were
picked and grown overnight at 37 °C with glass beads. The LB culture was then
vortexed vigorously before back-diluting 30-fold in M9 medium and grown for
3 to 4 h with shaking and with glass beads. After another vortexing, the inoculant
was washed with fresh M9 medium without glucose three times. The inoculant
was then bead bashed using a Digital Disrupter Genie with small glass beads
(acid-washed, 425 to 500 pm; Sigma-Aldrich). This procedure ensured that large
cell clusters formed in culture were broken apart to allow more accurate measure-
ment of optical density at 600 nm(OD4gp). The inoculants of the two competing
strains were then mixed at different ratios and ODggg, and 100 pL of the mixture
was added to wells of 96-well plates with a #1.5 coverslip bottom (MatTek). The
cells were allowed 1 h to attach, after which the wells were washed twice with
fresh M9 medium. The wells were subsequently filled with 100 uL M9 growth
medium with glucose and 0.1 mg/mL BSA and imaged by a confocal fluorescence
microscope (see below) to quantify the inoculation number density for both
strains. Inoculation number densities, instead of ODgqq, Were used to quantify
fop due to the asymmetry in inoculation efficiency between producer and
cheater (S/ Appendix, Fig. S11). The cultures were then grown for 16 to 18 h at
30°C before biomass quantification. After growth, one set of biomass quantifica-
tion for both strains was done by fluorescence confocal microscopy before a flow
disturbance to the culture was introduced by washing the well vigorously twice
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with fresh medium, after which another set of biomass quantification was done.
Immunostaining of adhesion proteins was done using producer strains expressing
C-terminal 3xFLAG-tagged RbmC or Bap1 cocultured with the cheater under the
same growth conditions for competition assays, except that the growth medium
contained Cy3-conjugated anti-FLAG antibodies (2 pg/mL; Sigma-Aldrich).

Competition Assay under Flow. The inoculants of the competition strains
were prepared in the same way as described in the static competition assay. The
inoculants were then introduced into microfluidic channels (channel dimensions:
1 cm in length, 400 um in width, and 60 um in height) through the outlet with-
out inoculating the inlet. This ensured that no biofilms were grown in the zero-
flow zone directly beneath the inlet. The cells were allowed 2 h to attach, after
which sterile inlet and outlet polytetrafluoroethylene tubing was connected to
the microfluidic chamber, and the M9 growth medium was flown through the
channel at flow rates controlled by a syringe pump. The flow rates used in this
study ranged from 0.1 to 1 pL/min, corresponding to average flow speeds from
69.4 to 694 pm/s and shear rates from 7 to 70 s The microfluidic channels
were transferred to a confocal fluorescence microscope and imaged to quantify
the inoculation number density for both strains. The cultures under flow were
then grown for 16 to 18 h at 30 °C before biomass quantification. After growth,
one set of biomass quantification for both strains was done by fluores-
cence microscopy.

Microscopy, Biomass Quantification, and Growth Rate Measurement.
Fluorescence confocal microscopy was conducted using a Yokogawa W1 confocal
scanner unit connected to a Nikon Ti2-E inverted microscope with a Perfect Focus
System. Cells constitutively expressing SCFP3A, mNeonGreen, and mScarlet|
cytosolically were excited by lasers at 445 nm, 488 nm, and 561 nm, respec-
tively, and the fluorescent signal was recorded by an SCMOS camera (Photomet-
rics Prime BSI) after the corresponding filters. Confocal images were taken using
a 60x water immersion objective (numerical aperture = 1.2) at 2 x 2-pixel bin-
ning, and the resulting pixel size was 217 nm. All images presented are raw
images rendered with Nikon NIS-Elements. Producers are pseudocolored red,
cheaters are pseudocolored yellow, and the immunosignals are pseudocolored
cyan throughout the text unless indicated otherwise.

To quantify the inoculation number density before growth, an image at the
surface was taken for each wavelength at the center of each well or microfluidic
channel. To quantify the biomass after growth, a 3D tiled image with a 3-pm
step size in z was taken at three to five evenly distributed positions within the
same area for each inoculation number density. The total height of the 3D image
was chosen to include all biomass of the surface-attached biofilm and was 60 to
72 pm in the static competition assay and 60 pm for the competition assay
under flow.

For accurate segmentation and quantification of the biomass, we used a
modified Bernsen's local thresholding method, which is less sensitive to depth-
dependent intensity variations and contrast reduction (due to pinhole crosstalk
and scattering) in the 3D confocal image. Briefly, each two-dimensional(2D)
image slice first went through a constant background subtraction and denoising,
and the image contrast was enhanced by subtracting the image by its Gaussian
blur. To determine whether a pixel belonged to cells or background, if the con-
trast in the local neighborhood around a given pixel was higher than the contrast
threshold (50 in all data set), the pixel was set to belong to cells if its value was
higher than 1.5 times the median value of the neighborhood; otherwise, a pixel
was set to belong to cells if its value was higher than an intensity threshold deter-
mined based on the brightness of the image. Examples of segmented images
are shown in S/ Appendix, Fig. S4. The total area of cells in each 2D image was
converted to a number density using the average cell sizes, measured separately
at low cell densities for different fluorescence channels. The number densities in
each 2D slice were then added to obtain the total 3D biomass.

Growth rates of producer and cheater biofilms were measured by time-course
imaging of biofilm growing in a 96-well plate. Confocal images were taken every
2 h for 40 h, and biomass was quantified as described above at each time point.
The effect of confocal imaging was confirmed to be nonsignificant to biofilm
growth under the conditions used in the experiment. We extracted growth rates
as slopes of fitting lines to the growth curves in semilog plots in their exponen-
tial phase. Carrying capacities used in the competition model were measured as
the maximum biomass in the stationary phase.
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Quantification of Exploitation Range and Protection Probability. Cross-
correlations between producer and cheater biomass distributions were used to
quantify the exploitation radius R. We modeled the cheater biomass distribution
as being exponentially decaying around a producer cell cluster of radius ro with
the decaying constant equal to R — ry; this yielded an exploitation radius R. We
found that the cross-correlation between the producer and cheater images gives
adequate information to extract information on ry and R (SI Appendix, Fig. S6).
To obtain cross-correlations from experimental images, inoculant mixtures of pro-
ducer strain with ODgog = 0.001 and cheater strain with ODgo9 = 0.1 were used
for the static competition assay with isolated producer clusters. Maximum inten-
sity projections of confocal images for both strains after end-point flow distur-
bance were thresholded and used for cross-correlation calculations. The field of
view of each image was ~1.8 mm x 1.8 mm. The cross-correlation between pro-
ducer and cheater was calculated as

X(i,j) = mznlp(m, ny-le(m—in—j),

where [, and I are the binary images for producer and cheater, and m n are the
row and column indices of the image. X(i,j) was then radially averaged and
converted to real spatial units. The error in Fig. 3C was calculated as the SE from
the n = 4 replicates. For a negative control of the correlated biomass distribu-
tion, we compared the normalized cross-correlation between producer and
cheater biofilms with that between producer and producer biofilms (S/
Appendix, Fig. S6). The normalized cross-correlation is defined as

Em,n [lp(m,n) - fP] ) [Ic(m —in _./) - I;}
{Zm,n [lp(mrn) - E)]zZm,n [IC(m —in _f) - I;]Z}VZ

where I, and I, are the mean values of /, and I, respectively.

Xnorm(i:j) -

Spatial Exploitation Model Based on Randomly Distributed Disks.
Assuming each producer cluster contributes a circular disk of protection with
area zR?, the overall protection probability conferred by producer biofilms to
cheater biofilms in an area of interest can be modeled by the coverage problem
of randomly distributed circular disks (78): Let there be n interpenetrable disks
with area a distributed randomly in an area of interest A. The uncovered proba-
bility of A has a mean value (1 —2)". In the limit of large A and 2 — 2, the
uncovered probability approaches exp(—Aa). Therefore, for producer clusters
with number density o9, and exploitation radius R, the protection probability
reads Pyrecion = 1 — exp (—ooy - 7R?).

Flow and Adhesion Protein Simulation in a Microfluidic Environment.
To gain insight into the effect of different fluid flow speeds on the transport of
molecules released by the producer, we solved the governing equations of the
fluid flow and a coupled scalar transport equation to model the molecular distri-
bution around a producer. We assumed the producer cluster was shaped like a
solid hemisphere adhered to the bottom surface of a rectangular channel and
was subjected to fluid flow, as shown in S/ Appendix, Fig. S12. The fluid flow is
governed by the Navier-Stokes and continuity equations, and the molecular
transport is described by the coupled advection-diffusion equation, which are
respectively given by:

Re(aa—ut+ﬂ ﬁa) = —Vp + Vi, 1]
Vi =0, [2]
o . = 1,

In these equations, u (x,y,zt)= (u,v,w) is the fluid velocity vector,
p(x,y.z,t) is the pressure, and c(x,y,zt) is the concentration of molecules
released by the producer. Egs. 1-3 are nondimensionalized using a length scale
d =20 pm, which is the average diameter of a producer cluster, as found in
experiments. The timescale used is the advective timescale &, where
Ur =694 pm/s is the dimensional average inflow velocity. The concentration
is normalized using an arbitrary reference concentration of o =1 adhesion

molecule/um? .
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There are two important nondimensional parameters that describe the equa-
tions. The Reynolds number Re = £ is defined as the ratio of the inertial to

the viscous forces, where v = 1 x 107°m?2/s is the kinematic viscosity of water.
Our experiments were typically in the range 0.01 < Re < 0.1, meaning viscous
effects dominated the dynamics. At these Re, the left-hand side of Eq. 1 can be

neglected, reducing to the Stokes equation. The Péclet number, Pe :%’, is
defined as the ratio of the diffusive timescale to the advective timescale;
D = 80 um? /s is the diffusion coefficient of the adhesion molecules based on
the Stokes-Einstein equation and their estimated size. Pe > 1 suggests fluid
advection has a larger role in transporting the molecules than diffusive transport.
We varied the Péclet number in the range 0 < Pe < 173.5, in agreement with
variable experimental conditions of 0 < U* < 694 pm/s.

We simulated fluid flow through a channel of dimension L, x L, x L, as
shown in SI Appendix, Fig. S12. The solid hemisphere modeling the producer

cluster was positioned at (X:Lz—*,y:%,z:o). In the experiments, the
aspect ratio of the channel was T'yxT), XTI, =500x20x3, where

{r; :% li € x,y,2}. This large aspect ratio made simulations computationally
expensive, so we instead used a channel of dimensions T, x T, xT, =
20x 6x 3 in the simulation, which preserved the important cross-stream
dimension.

A no-slip boundary condition was imposed for the top and bottom surfaces of
the domain (u = (0,0,0) at z= {0,L,}). A Dirichlet boundary condition was
applied at the inlet (u = (U,0,0) at x=0), where U is the average nondi-
mensional inflow velocity into the channel scaled by U*, and U = 1 corresponds
to an average velocity of 694 um/s. An open/outflow boundary condition was
applied to the outlet at x = L,. Along the material walls at y = {0,L, }, we
imposed a free-slip or no-penetration boundary condition. The boundary condi-
tion for the concentration was no-flux on all material walls, except for the surface
of the solid hemisphere, for which we used a time-varying Dirichlet boundary
condition of the form

e d

&~ o 4
Here, k, = 0.015 molecules/um?s is the total production rate of the molecules
from the surface of the producer cluster (43), and f quantifies the fraction of mol-
ecules retained in the producer cluster based on experimentally measured val-
ues. Eq. 4 suggests that there is a constant rate of production of molecules at
the surface of the hemisphere.

We numerically solved the goveming Eqs. 1-4 using the spectral element
fluid solver NEK5000 (79). NEK5000 has been used to study a broad range of
fluid flow problems (80), including complicated chaotic fluid flows and reaction-
advection-diffusion systems (81-83). Qur approach uses a semi-implicit operator-
splitting scheme, which is second order accurate in time and exponentially
convergent in space. Our domain consisted of 392 hexahedral spectral elements,
and we used a 17th-order Lagrangian interpolant polynomial for spatial discreti-
zation, which we found was sufficient to resolve both the fluid flow and the intri-
cate features of the molecular distribution around the producer.

To resolve the small Re of the flow, we evolved Egs. 1 and 2 using an
extremely small time step of At =1x 1078, We simulated the flow field for
1.4 % 10° steps and ensured that the flow field reached a steady state. We then
stopped the evolution of the fluid flow and used the steady velocity profile to
solve the advection-diffusion equation (Eq. 3). Since we did not evolve the flow
field, we used larger time steps (typically At = 1 x 10~%) to evolve the concen-
tration field for a total of 3 min (SI Appendix, Fig. S13).

Data Availability. All data are included in the article and/or SI Appendix. The
original data can be accessed through doi:10.5061/dryad.rfj6q57d9.
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