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The maintenance of cooperation in populations where public goods
are equally accessible to all but inflict a fitness cost on individual
producers is a long-standing puzzle of evolutionary biology. An
example of such a scenario is the secretion of siderophores by
bacteria into their environment to fetch soluble iron. In a planktonic
culture, these molecules diffuse rapidly, such that the same con-
centration is experienced by all bacteria. However, on solid sub-
strates, bacteria form dense and packed colonies that may alter the
diffusion dynamics through cell-cell contact interactions. In Pseudo-
monas aeruginosa microcolonies growing on solid substrate, we
found that the concentration of pyoverdine, a secreted iron chela-
tor, is heterogeneous, with a maximum at the center of the colony.
We quantitatively explain the formation of this gradient by local
exchange between contacting cells rather than by global diffusion
of pyoverdine. In addition, we show that this local trafficking mod-
ulates the growth rate of individual cells. Taken together, these data
provide a physical basis that explains the stability of public goods
production in packed colonies.
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Iron is required for many enzymatic processes, and is therefore
an essential nutrient. To overcome the low abundance of free
iron in aerobic environments, bacteria, as well as other micro-
organisms, synthesize and secrete iron-chelating molecules called
siderophores (1). Once released in the extracellular environ-
ment, siderophores diffuse and complex with iron. Because
other bacteria can import them, siderophores can be regarded
as public goods (2) and siderophore secretion is often cited as a
model system for studying the stability of cooperation (3, 4). In
this context, nonproducing mutants, which can enjoy the benefit
of siderophores without bearing the cost of their production,
have a selective advantage over the WT-producing strain and
could, in principle, displace them on evolutionary time scales.

This argument usually assumes that public good molecules are
readily available to all, as is the case in planktonic cultures, where
molecules diffuse freely and rapidly between cells. In liquid con-
ditions, mutants that do not produce siderophores have, in fact,
been shown to outcompete WT strains (5-8). However, the limited
spatial dispersal of public goods can challenge this picture and has
been proposed as a general mechanism for explaining the main-
tenance of cooperation (8-12). When dispersal is limited, public
good molecules tend to stay in the vicinity of the producing sub-
populations, allowing them to benefit preferentially from their
own production, and thus to balance the advantage of opportu-
nistic nonproducing strains. In many ecological situations, bacteria
form complex, tightly packed, and spatially structured colonies,
such as biofilms, where public good dispersal may be severely re-
duced compared with planktonic cultures. This raises the ques-
tions of how public good molecules circulate between cells in these
natural conditions and how cooperation is affected by the pop-
ulation structure (8, 13-15). Experimental realizations of limited
public good dispersal were obtained by tuning the viscosity (16),
the distance between colonies of producers and nonproducers
(17), or the amount of cell attachment (18). Although the dispersal
of public goods has been shown to influence the outcome of
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ecological competitions, direct measurements of public goods
diffusion in structured population are still lacking.

Here, we address this question by taking advantage of the nat-
ural fluorescence of pyoverdine (Pvd), a siderophore produced by
the human opportunistic pathogenic bacterium Pseudomonas
aeruginosa (19). We monitored under a microscope the diffusion
of Pvd in bacterial microcolonies forming monolayers. This min-
imal model for a spatially structured population of packed cells
enables us to measure the distribution and spatiotemporal dy-
namics of siderophore concentrations precisely. Based on our
observations at the single-cell level, we propose a model of local
Pvd exchange and test its predictions on global, colony-wide
observables. In particular, the model quantitatively explains the
formation of a concentration gradient measured across the colony.
We further show that the traffic of Pvd between cells has an impact
on the growth rate at an individual level and discuss the ecological
implications through observation-driven computer simulations of
competition between producing and nonproducing strains.

Results

Dynamics of Pvd Distribution Inside Clonal Microcolonies. WT
P. aeruginosa bacteria (PAO1) were inoculated at a low density on
top of a nutritional gel sealed with a coverslip. We monitored colony
growth by video microscopy thanks to a newly developed correlation
imaging technique based on bright-field images taken at various
focal positions (SI Appendix, Fig. S2). Every 3 min over the course of
7 h, we measured the endogenous fluorescence of free Pvd in each
cell of a growing microcolony. We observed a strong variability in
Pvd concentration across bacteria, as well as within the same bac-
teria at different times (Fig. 14 and SI Appendix, Movie S1). We
reconstructed the genealogical trees of 10 microcolonies (Fig. 1B).
Along each lineage, the fluorescence per pixel in cells fluctuated
strongly in time (by about +20%), with a correlation time of
~93 min (i.e., longer than the averaged division time of ~40 min).
Although the average fluorescence per pixel in the colony increased
linearly with time over the course of nine cell divisions (Fig. 1C), the
distributions of cell fluorescence normalized by the average fluo-
rescence of the colony remained invariant over time and across
different colonies (Fig. 1D and SI Appendix, Fig. S3). The analysis of
Pvd dynamics in individual cells reveals that the concentrations in
both the cell and its neighbors appear to contribute to free Pvd
dynamics (Fig. 1E and SI Appendix). Additionally, a gradient of Pvd
is established between the border and the center of the colony,
suggesting that Pvd dynamics are local.
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Fig. 1. Dynamics and variability of Pvd concentrations in P. aeruginosa (PAO1) microcolonies. (A) Time-lapse fluorescence images of a growing microcolony,

with correlation images (Upper) and Pvd intrinsic fluorescence (Lower). (B) Genealogical tree of the colony. The level of Pvd in each cell ¢ is color-coded along
each lineage (for clarity, only a subset of the tree is displayed). (C) Dynamics of the mean level of Pvd ¢ in four different colonies. AU, arbitrary unit. (D) Dis-
tributions of Pvd concentrations in cells at various time points in a given microcolony (green), in a different microcolony (red), and in a medium supplemented
with human transferrin (blue). (Inset) Distributions are normalized by the mean in the microcolony and the predicted distribution of our model (black). Error bars
represent the SEM. (E) Dependence on the relative Pvd concentration in the cell x=c/c and its neighbors xneign Of the variation dx/dt. Color transparency
indicates the uncertainty of measurements (light color means uncertain). The correlation between dx/dt and Xneigh is assessed with a P value less than 1075.

Model of Pvd Dynamics in Individual Cells. The overall dynamics of
Pvd are a product of a complex pathway involving synthesis,
export, and import of the molecule. Pvd biosynthesis starts in the
cytoplasm and ends in the periplasm (SI Appendix, Fig. S1). It
involves four nonribosomal peptide synthetases and probably
seven different other enzymes (20-22). Newly synthesized Pvd is
stored in the bacterial periplasm (21) before secretion into the ex-
tracellular medium by the efflux system PvdRT-OpmQ (23). After
iron chelation in the extracellular medium, ferri-Pvd is imported
across the outer membrane by the ferri-Pvd outer membrane
transporter FpvA (24) and iron is released from the siderophore in
the periplasm (25). Free Pvd is then recycled into the extracellular
medium by the efflux pump PvdRT-OpmQ (26, 27). Pvd bio-
synthesis is under positive feedback, regulated by a o-factor PvdS
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and its anti-o-factor FpvR, triggered when bacteria import ferri-Pvd
(28, 29). Free Pvd is naturally fluorescent, whereas ferri-Pvd is not.
To model the spatial dynamics of Pvd inside microcolonies, we
reasoned that the net effect of production, export, import, dilution
(from cell division rate v), and degradation depends on the peri-
plasmic concentration (dilution, export), on the concentration in
the immediate vicinity of a bacterium (import), or on both
(through feedbacks). Keeping only linear terms in the concen-

trations leads to a dynamical equation (SI Appendix):
%:a—ic + KCreigh + noise, 1]

where ¢ and cy.ign stand for the concentration in the cell and
its neighbors; a is the basal production rate; and 4,x>0 are
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phenomenological parameters determined from the data (see be-
low), reflecting the effective efflux of Pvd out of a cell and the
influx from its neighbors. Note that because of the negative con-
tribution from feedback and import, 4 is expected to be smaller
than v (Materials and Methods). The observed linear increase of
the average fluorescence in the colony indicates a balance between
efflux and influx, x ~ A. This balance defines an exchange mecha-
nism formally equivalent to an effective diffusion process on the
lattice formed by adjacent neighbors (SI Appendix). Within
the mean-field approximation (SI Appendix), the above model
predicts that local fluctuations in Pvd, ¢’ =c¢ —cyejgn, Obey an
Ornstein—Uhlenbeck process, dc’/dt = — Ac’' + noise, meaning
that the local fluctuations are damped proportionally to their

amplitude with a measured rate of 2=1.07+0.1-102 min~" (Fig.
2A), which is independent of the average concentration in the
colony (SI Appendix, Fig. S4). Consistent with our model, these
local fluctuations are uniform within the colony (SI Appendix,
Fig. S5) and spatially uncorrelated (SI Appendix, Fig. S7). The
noise spectrum was observed to be white, and its intensity
scaled quadratically with the average Pvd concentration in
the colony: (noise(t) - noise(t')) =2I'¢?5(t —¢'), with I'=2.19 +
0.17-10~* min~! (Fig. 2B and SI Appendix, Figs. S8 and S9). With
A and I' measured on data collected from 10 growing micro-
colonies of WT bacteria, we solved our model to predict the
spatiotemporal dynamics of Pvd and its variability in packed
microcolonies.

Predictions of the Model for WT Microcolonies. First, the experi-
mental data confirmed the prediction of the model on the vari-
ability in the population. The variability is shown to scale with
the average fluorescence in the colony, with a proportionality
constant given by /I'/4 (Fig. 34 and SI Appendix, Fig. S3). This
linear relation, which also holds in a well-mixed condition (S
Appendix, Fig. S17), is unusual. In most descriptions of gene
regulation, noise stems from fluctuations in the small number of
molecules (30). The magnitude of these fluctuations is expected
to increase not linearly but as the square root of the mean
number of molecules. A linear scaling similar to ours has been
reported for proteins produced in high copy numbers (31, 32),
however, and has been attributed to sources of extrinsic noise. In
the Pvd system, this high level of noise may be due to fluctuations
in the number of efflux pumps and transporters.

Second, our model of local exchange explains the gradient of
Pvd concentration observed away from the center of the colony
(Fig. 3B). Cells on the edge of the colony have fewer neighbors
to import from, and thus have lower Pvd levels. In turn, these
cells contribute less Pvd to their direct neighbors. This effect is
propagated toward the center, resulting in a gradient of Pvd
across the colony. This gradient was calculated by solving Eq. 1
over the whole population (SI Appendix) and is in close agree-
ment with the observed experimental gradient (Fig. 3B).

Fig. 2. Measurement of the model parameters. A

Third, adding the calculated spatial heterogeneities to the
local fluctuations, we have been able to explain and predict the
shape of the normalized Pvd distribution (Fig. 1D, Inset). In this
framework, the variability is governed mainly by local exchanges
rather than by fluctuations in production activity. Consistent with
this interpretation, we found that the variability in production
rate accounts for only 1% of the observed variance of the con-
centration of Pvd in cells expressing a PvdA fusion, the gene
coding for the first enzyme involved in Pvd synthesis (Fig. 3D).

Finally, using Eq. 1, we computed the temporal correlations of
spatial fluctuations (SI Appendix). This correlation decays expo-
nentially with a characteristic time, 7=1/4=93 min, in agree-
ment with our measurements (Fig. 3C).

Predictions of the Model in Other Contexts. An important conse-
quence of these local exchanges is that Pvd should be lost in the
environment if bacteria do not interact physically by cell-cell
contact. Accordingly, we observed that when bacteria are grown
in stirred liquid conditions, Pvd is mainly found in the environ-
ment and the concentration in isolated bacteria is much lower
than in packed bacteria (Fig. 44 and SI Appendix, Fig. S10). In
contrast to passive diffusion, which leads to the fast release of
Pvd in the extracellular environment in stirred conditions, the
local exchanges between cells on solid substrate actively slow
down the leak of Pvd out of the colony. We further challenged
the predictions of our model by examining the effects of mutations
in the Pvd pathway (SI Appendix, Fig. S1). In AfpvA microcolonies,
bacteria are not able to import Pvd from their neighbors and local
trafficking of Pvd is prevented. In this strain, microcolonies cannot
accumulate Pvd and no gradient is formed (SI Appendix, Movie
S3). For a strain partially deficient in Pvd export, the model pre-
dicts that local fluctuations should be damped with a characteristic
time longer than for a WT strain (SI Appendix). Consistent with
this prediction, we measured a lower 1 in the export-deficient
ApvdRTopmQ strain than in WT (Fig. 4B).

Local Exchange Affects Individual Fitness. The dynamics described
above imply that iron uptake is mediated by local trafficking of
Pvd when bacteria grow in packed colonies. To test whether this
mechanism could enhance individual fitness, we measured the
dependence of the individual growth rate on the history, c,, of
Pvd concentration in the neighboring cells (S Appendix) through
linear fits (SI Appendix, Fig. S11). On the addition of a compet-
ing iron chelator [human transferrin (Tsf)], growth became
limited by iron. Individual growth rates then showed a positive
dependence on the history of Pvd concentration in neighboring
cells (Fig. 54) and a moderate negative dependence on both the
distance to the edge of the colony and the internal concentration
(SI Appendix, Fig. S11). No dependence was observed in absence
of Tsf (SI Appendix, Fig. S12). Interestingly, we observed that in
iron-depleted conditions [succinate minimal medium (SMM) +
Tsf], WT cells formed double layers at significantly earlier stages
of microcolony development (SI Appendix, Fig. S12) than in

(A) Average change in relative Pvd concentration 30
in a given cell is plotted (points with error bars)
vs. its average relative concentration (relative to its 20.1‘
nearest neighbors). (Insets) Observed linear corre-

lation is explained by a simple model: Bacteria ex-
change Pvd with their neighbors in proportion to
the difference of their concentrations. The pro-
portionality coefficient 4 is estimated by a linear fit
to the data (continuous line). Error bars represent
the SEM. (B) Temporal autocorrelation function of -20
the noise for various values of the mean Pvd con-

dd/dt (AU.min")

centration in the colony, ¢. This function can be
approximated by Ae~t/7, which we fit for each Pvd
level. Because 7 is small, the noise autocorrelation
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function can be approximated by a s-function: Cnoise(t):zf’é(t), with T'=Az. (Inset) T increases quadratically with the concentration: I'=T¢ (dashed line:
variation of I" as predicted from the estimation of I' deduced from S/ Appendix, Fig. S9).
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Fig. 3. Model predictions for the WT strain PAO1.
(A) SD of local fluctuations in Pvd is proportional to
the mean fluorescence in the colony, as predicted
by the model, with coefficient \/T/2 (black line).

Colors code for different colonies (N=10). Each
point is calculated from the distribution of fluores-
cence in a colony measured at a given time. (B) Pvd
gradient is established from the edge to the center

of the colony. The black points are obtained by
pooling the data from 10 microcolonies in discrete
bins according to their distances to the edge (white
arrow). The red curve is the model prediction. Error
bars represent the SEM. (C) Comparison between the
measured (black) and the predicted (blue) temporal
autocorrelation functions. The shaded areas show
the uncertainty in parameter estimation. Error bars
represent SEM (N = 10). The yellow arrow points
s to the same cell at different time points. Note that
in A-C, the predicted curves are not the result of a
fit. (D) Level of Pvd in individual bacteria is only
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control conditions (SMM), extending the exchange mechanism
to the vertical dimension at the onset of biofilm formation, and
thus limiting Pvd leaks from the colony.

In Silico Competition of Producers vs. Nonproducers. Spatially struc-
tured environments are known to promote cooperation (8-10) and
to maintain phenotypic diversity (33-35). To investigate the sta-
bility of producers in the context of mixed, packed populations on
evolutionary time scales, we implemented numerical simulations
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Fig. 4. Model predictions for a planktonic culture and for a mutant. (A)
Model prediction for the internal Pvd concentration for well-mixed plank-
tonic cultures vs. 2D growth on an agar plate. The distribution of Pvd in cells
grown in liquid and solid conditions shows that cells from liquid cultures
retain less Pvd in their periplasm, whereas the concentration in the envi-
ronment is higher (/nset). This suggests higher leakage when cells are not in
contact. Error bars represent the SEM (n = 10). (B) As expected by the model,
a partial mutant of Pvd export (ApvdRTopmQ) exhibits a smaller Pvd ex-
change rate 1 (evaluated as in Fig. 2A) than for the WT strain (PAO1). Error
bars represent the SEM, and the number is indicated for each condition on
the bar plot. The two samples are different with a P value of 0.04. The
number of asterisks indicates the significance level (0.01<*<0.05; ***<0.001).
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PvdA-YFP fluorescence (AU)

weakly related to its production rate assessed by
the reporter strain PvdA-YFP (AU).

using our model for Pvd dynamics. Producers and nonproducers
were allowed to compete on a square lattice with a constant pop-
ulation size (SI Appendix and SI Appendix, Fig. S13). We varied
the range of effective diffusion through exchanges and the cost of
production (Fig. 5B and SI Appendix, Movie S4). When the rate of
exchange, (k= 41), is faster than the growth rate, v, producers al-
ways go extinct (SI Appendix, Fig. S14). In contrast, cooperation
was found to be dominant if A <v. In the observed range of ex-
perimental costs (5, 6) (SI Appendix) and at the value of 1 we
measured, the population of producers was found to be stable.
Hence, the effective slowing down of diffusion by active exchange
between contacting cells limits the dispersal of the public goods to
the producers and their kin, minimizing exchanges with non-
producer mutants.

Discussion

In aquatic ecosystems, Pvd diffuses freely and is homogenized
well by the agitation of the medium, such that the secreted mole-
cules are shared by all. However, P. aeruginosa is also known to
colonize many solid habitats. In rhizospheres, plants, and human
lungs, colonies mature into biofilm in which Pvd diffusion is
expected to be dominated by local interactions rather than by free
diffusion. Our data show that competition for Pvd is governed by
local exchange between close neighbors, which actively confines its
diffusion within the microcolony. It challenges the general as-
sumption that secreted molecules diffuse freely when bacteria are
packed. In particular, if the bacteria exchange this public good at
a rate that is slower than their growth rate, Pvd exchange benefits
mostly the clonal patches of producers, ensuring the maintenance
of cooperation. From an evolutionary perspective, our results
emphasize how the spatial structure of the colony might constrain
its evolution. On solid substrate, offspring remain physically close
to each other after division, causing cells to interact more with
cells of their own kin than with other cells. When exchanges are
local, nonproducer cells may only benefit from the public good if
they are in contact with producers, which only occurs at the
boundary between patches of producing and nonproducing cells.

Although small molecules (<1kDa) diffuse at high rates in
water, it is possible for microscale chemical gradients to form
within biofilms. At the microscopic scale, our data provide a
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Fig. 5. Local trafficking affects the in-
dividual fitness and stabilizes coopera-
tion. (A) Mean relative growth rate of
cells (black points) is plotted against the
distance to the colony edge (normalized
by the mean radius of the colony d) and
the recent history of Pvd concentration
in the cell’s neighborhood ¢, (normalized
by ©). The colored planes are bivariate
linear fits to the data. No significant de-
pendence is found when the level of iron
is low (SMM) (SI Appendix, Fig. S11). By
contrast, when iron is depleted (SMM +
Tsf), the individual growth rates depend
on both the position inside the colony and
the Pvd history in the nearest neighbors.
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(B) Phase diagram of the sustainability of cooperation in an in silico competition experiment between defectors and cooperators. The result of the simulation after
4,000 generations is shown as a function of the local exchange rate of Pvd 4 and the cost of production. Cooperators are found to dominate in a wide range of values
around the measured exchange rate A/v ~ 0.6. The white line depicts the initial ratio. The black line depicts the measured value of 4, and the dashed lines depict the
confidence interval. The time evolution of the proportion of nonproducers at the points (I, Il and Ill) marked in B is shown in S/ Appendlix, Fig. S14.

complete description of how local exchange can generate
gradients when bacteria are physically in contact with each other.
At the cellular level, differential responses to these local environ-
ments [e.g., as gradients of gene expression (36) or position-dependent
cell specialization (37)] may increase phenotypic variability and
promote bacterial adaptation during infection (38). The gra-
dients formed inside packed colonies may also be used by bac-
teria as a cue for positioning during biofilm development (39). In
the case of P. aeruginosa, Pvd has been identified as a virulence
factor in the development of infectious biofilms (28, 40-42) and
confocal imaging has revealed that the Pvd pathway is not acti-
vated uniformly within biofilms (43, 44). Thus, elucidating the
formation of these gradients at early stages of microcolony
development may help us to understand better the mechanisms
responsible for physiological heterogeneities in biofilms and
their role in pathogenicity.

Contact-dependent interactions between bacteria are known
to operate via tube-like secretion systems that bridge the peri-
plasms of two neighboring bacteria (45-47). In contrast, Pvd must
diffuse in the environment to chelate iron. Like Pvd, diffusible
molecules have been shown to function over short distances (48).
Restricted diffusion by cell compaction enhances access to public
goods, which has been shown to provide a growth advantage (18,
49). However, the molecular mechanisms responsible for their
confinement remain to be elucidated. Several hypotheses can be
considered. If the secreted molecules have an affinity for the LPSs
or other components of the bacterial cell wall, they would pref-
erentially diffuse in the vicinity of the bacteria. Similarly, if a
polymeric network fills the space between bacteria in packed col-
onies, the diffusible molecules could be jammed inside its mesh.

Beyond the social aspects of public goods diffusion in packed
colonies, the local exchange between adjacent bacteria is remi-
niscent of paracrine signaling in eukaryotic tissues. Altogether,
these aspects emphasize the growing recognition that bacterial
colonies might share many more similarities with multicellular
organisms than previously assumed.

Materials and Methods

Culture Conditions. Strains are described in S/ Appendix, Table S1. They were
inoculated in LB from glycerol stocks and grown overnight at 37 °C. The next
day, the culture was washed and resuspended at a 100-fold dilution in fresh
SMM for an overnight growth at 28 °C. SMM is a medium with a low iron
concentration that activates Pvd synthesis (composition: 6 gL~ K;HPO,, 3 g-L™"
KH,PO,4, 1 g-L™" [NH4],504, 0.2 g-L™! MgSO, 7H,0, and 4 g-L~" sodium succi-
nate, with the pH adjusted to 7.0 by adding NaOH). On the third day, bacteria
were diluted 10%fold and plated on a gel pad (1% agarose in SMM). The
preparation was sealed with double-sided tape (Gene Frame; Fisher Scientific)
to a glass coverslip. A duct was cut at the center of the pad to let oxygen
diffuse into the gel. Microcolonies grew on the pad at 30 °C using a custom-
made temperature controller.

To create iron-depleted conditions, 5 pM of human Tsf (Sigma) supple-
mented with 20 mM NaHCOs was added to SMM and agarose gel. At this
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concentration and after 24 h of growth, the total yield of a ApvdA strain was
reduced by a factor of 10 (S/ Appendix, Fig. S15).

Image Acquisition and Analysis. The dynamics of Pvd concentration in each
cell of a microcolony were monitored by time-lapse microscopy and epi-
fluorescence. Colonies were observed with bright-field illumination using a
magnification of 100x and 1.35-N.A. objective (Apo-ph1; Olympus) on an
automated inverted microscope (IX81; Olympus) equipped with an Orca-R?
CCD camera (Hamamatsu). The microscope, the camera, and the stage
were actuated with a LabView interface (National Instruments). Correlation
images were obtained by acquiring z-stacks of bright-field images. For each
pixel, we computed the correlation of the intensity profile along the vertical
direction with a reference kernel (S/ Appendix, Fig. S2). Fluorescence exci-
tation was achieved with a mercury vapor light source (EXFO X-Cite
120Q). Pvd was imaged with a 390(40)/475(64)-nm filter set using a dichroic
beam-splitter at 405 nm (Semrock). Cell segmentation was performed on
correlation images, and cell lineage was computed using a MATLAB (Math-
Works) code developed in the laboratory of Michael Elowitz (California In-
stitute of Technology) (51, 52). To compute the concentration of Pvd cin a cell,
we subtracted the average fluorescence per pixel of the background from the
average intensity per pixel in the given cell. In this study, an average intensity
of 1,000 arbitrary units for a cell corresponds to ~500 molecules of Pvd.

Significance of the Dependence of dx/dt on xpeigh- TO test whether dx/dt also
depended on Xpeigh and not only on x (Fig. 1E), we performed a multivariate
fit of dx/dt with respect to x and Xpeigh. The linear coefficient of Xxneign Was
found to be positive. We tested the significance of this positive correlation
using a permutation test. We divided the whole dataset into 400 bins
according to the value of x. Inside each of these bins, the values of X,cigh were
randomly permuted, and the same multivariate regression was performed
on the permuted data points. Repeated 1 million times, this procedure never
yielded a linear coefficient for xneigh as high as the one observed in the dataset
that had not undergone any permutations, thus implying a P-value <107°.

Percentage of the Variability Explained by Production. To assess the contri-
bution of production in the variability of siderophore concentration, we
measured the level of Pvd in single cells of a colony grown on agar pads and
the level of PvdA (using the fusion reporter strain pvdA-YFP).We estimated
the percentage of the total unexplained variability by subtracting the linear
contribution of production measured by fitting Pvd against PvdA-YFP and
computing the remaining variability (Fig. 3D). The fraction of unexplained
variability (1 — R? = 99%) is the ratio of this remaining variability to the total
variability. We also measured the correlation between the level of Pvd and
the level of production in liquid conditions to avoid the variability due to
cell-cell contacts (S/ Appendix, Fig. S16).

Exchange Model. The exchange model described by Eq. 1 can be rationalized
in two ways. First, as shown in Fig. 1E, the time derivative of Pvd concen-
tration correlates positively with the concentration in the cell’'s immediate
neighborhood and negatively with the cell’s own concentration. Eq. 1 is the
simplest model one can write that accounts for this observation.
Alternatively, one can write a model accounting for all the events that may
affect Pvd concentration and expand it to the lowest (linear) order. The
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evolution of Pvd concentration in a single cell is governed by production (21),
export (23, 27), import (53), dilution from cell division and possible degra-
dation, and positive feedback (19, 20, 28):

dc/dt = a+ kinCout — Kout€ — C + feout, [2]

where ¢yt is the concentration outside the cell; « is the production rate;
kin and koyut are the import and export constants, respectively; v accounts for
dilution due to growth rate (and possible degradation); and f accounts for
positive feedback depending on Pvd uptake [consistent with the observation
of positive feedback loops involving the import channel (28)]. Because cells
are tightly packed, it is not possible to estimate ¢, directly from microscopy
images. Instead, we assume it to be approximated by a linear combination of
the concentration inside the cell ¢ and the average concentration in its
nearest neighbors (defined as a corona of one cell’'s width around the cell):
Cneigh: Cout = aCneigh + bC. Regrouping terms, we obtain Eq. 1, with k=a(kin +f)
and A =Koyt +v — b(kin + ).

Comparison Between Liquid and Solid Cultures. To assess the importance of
cell-cell contact, cells were inoculated at the same bacterial density in parallel
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on agar pads and in liquid. They were then allowed to grow for 9 h. Bacteria
from the liquid culture were plated directly without dilution 5 min before
fluorescence measurements (S/ Appendix, Fig. S11).

Simulation of Spatial Competition for Mixed Population. We performed sim-
ulations of bacterial evolution on a 30 x 30 square lattice with periodic
boundary conditions. Each point was occupied by a bacterium, which was
either a producer or a nonproducer. At each point, we simulated the evolution
of Pvd, external iron, and internal iron using Euler’s integration method with
10 time steps per generation. In cells, Pvd evolution is given by Eq. 1, where
Cneigh Was taken as the average in the four nearest neighbors.
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