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Patchiness in a microhabitat chip affects
evolutionary dynamics of bacterial cooperation†‡

Edward W. Tekwa,*a Dao Nguyen,b David Juncker,c Michel Loreaud and
Andrew Gonzaleza

Localized interactions are predicted to favour the evolution of cooperation amongst individuals within a

population. One important factor that can localize interactions is habitat patchiness. We hypothesize that

habitats with greater patchiness (greater edge-to-area ratio) can facilitate the maintenance of cooperation.

This outcome is believed to be particularly relevant in pathogenic microbes that can inhabit patchy habitats

such as the human respiratory tract. To test this hypothesis in a simple but spatially controlled setting, we

designed a transparent microhabitat chip (MHC) with multiple patchiness treatments at the 100 micron

scale. The MHC is a closed system that sustains bacterial replication and survival for up to 18 hours, and

allows spatial patterns and eco-evolutionary dynamics to be observed undisturbed. Using the opportunistic

pathogen Pseudomonas aeruginosa, we tracked the growth of wild-type cooperators, which produce the

public good pyoverdin, in competition with mutant defectors or cheaters that use, but do not produce,

pyoverdin. We found that while defectors on average outperformed cooperators in all habitats, habitat

patchiness significantly alleviated the ecological pressure against cooperation due to defection, leading to

coexistence. Our results confirmed that habitat-level spatial heterogeneity can be important for coopera-

tion. The MHC enables novel experiments, allows multiple parameters to be precisely varied and studied

simultaneously, and will help uncover dynamical features of spatial ecology and the evolution of

pathogens.
1. Introduction

The evolution of cooperation has driven the rise of biological
complexity.1,2 But, because cooperation is costly, it is not nec-
essarily evolutionarily viable unless the benefit of cooperation
tends to be directed toward cooperators. The non-uniform
spatial distribution of individuals is one of the most impor-
tant factors favouring the evolution of cooperation.3–10 As
individuals become more clustered, the benefit of cooperation
can be preferentially bestowed on cooperators, making coop-
eration viable, either in the traditional evolutionary sense—
the frequency of cooperators is greater than for defectors11—
or in an ecological sense—localized interactions are stabiliz-
ing and lead to coexistence.12–14

Spatial patchiness, or the ratio of edge-to-area,15 character-
izes the habitats of most organisms,16 including bacteria.17 It
appears that patchiness can facilitate cooperation in bacte-
ria,18 likely because interactions become localized. Common
bacteria such as Pseudomonas aeruginosa are opportunistic
pathogens that live in the soil19 and water,20 and can colonize
various parts of the patchy human respiratory tract.21 The
wild-type bacteria are cooperators that produce the
siderophore pyoverdin, a diffusible extracellular iron-chelator
responsible for bacterial iron uptake and growth22 that is a
form of public good. The production of a public good,23,24 by
definition, implies an individual behaviour that benefits the
public or the wider population, so cooperation can have an
important ecological effect. Interestingly, loss-of-function
mutants, or defectors, often arise in the human host environ-
ment over time.25–27 Thus, the evolutionary race between
cooperators and defectors in patchy habitats is an important
case for both general eco-evolutionary theory18,28–30 and the
study of infectious diseases.31,32
, 2015, 15, 3723–3729 | 3723
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Fig. 1 The microfluidic device contains 14 habitats and 9 variations
(some are duplicated). Habitats were dyed blue for visualization. The
elastomer (PDMS) layer was pressed onto a 60 mm × 24 mm glass
cover slip after inoculation to create a sealed device. The confocal
microscope acquired images through the thin cover slip.
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The traditional approach of emulating habitat structure
and localized interaction has been through serial transfers of
liquid subpopulations.29,33 This approach imposed cyclical
bottlenecks on population size34,35 during transfers, and did
not allow populations to form natural aggregates, since
growth occurred in a relatively large-volume of well-mixed liq-
uid. Larger beaker36 and flow cell experiments37 allowed for
endogenous spatial pattern formation, but at much larger
spatial scales where whole-population census is generally not
feasible.

Various microfluidic devices30,38–43 have been developed
to emulate patchy microbial habitats, which afford the capac-
ity to track individuals in space and time while minimizing
sample volumes. These devices allowed detailed investiga-
tions of microbial movement, pattern formation, and interac-
tion.44 In particular, it was observed that in comparison to
well-mixed test tube cultures, a microhabitat favoured the
maintenance of cooperation.18 However, these devices did
not contain a systematic variation in habitat patchiness, and
required substantial setup time. Building on these past inno-
vations, we introduce a microhabitat chip (MHC) that is sim-
ple to fabricate and operate, reusable, and systematically
varies habitat patchiness.

The MHC is a reusable polyĲdimethyl)siloxane (PDMS)
chip that contains 9 habitats with varying patchiness. Patchi-
ness was achieved by fragmenting habitats at 100 micron
scales. We used simplicity and functionality as guiding prin-
ciples45 to focus on acquiring accurate individual-level spatio-
temporal data for entire habitats. The PDMS elastomer layer
seals with an optical cover slip to create an enclosed environ-
ment for bacteria to spatially self-organize with minimal dis-
turbance. We investigate whether three habitat patchiness
treatments affect the evolution of pyoverdin46,47 producers,
and therefore the growth and equilibrium densities of coop-
erators and defectors in P. aeruginosa. The wild-type coopera-
tors and mutant defectors were genetically engineered to
emit green or red fluorescence, so that their population size
and spatial location can be accurately quantified by confocal
microscopy.

We performed monoculture and mixed culture experi-
ments to ascertain whether habitat patchiness affects maxi-
mum growth rates and equilibrium densities of these
populations. We found that while defectors on average
outperformed cooperators in all habitats, and are thus more
likely to achieve dominance, patchiness contributed to the
ecological coexistence of cooperators and defectors.

2. Methods

The MHC (Fig. 1) contains 9 treatments of habitat patchi-
ness, with each habitat ranging from 1400 μm to 2670 μm in
diameter, and 10 or 20 μm in depth. Each habitat takes the
shape of a ring or a network of patches, representing a range
of continuous and patchy treatments with various theoreti-
cally motivated topologies (see Fig. 2 and ESI† Fig. S1 for
specifications). Here we focus on three treatments that
3724 | Lab Chip, 2015, 15, 3723–3729
transition from continuous to patchy (Fig. 2), which are 10
μm deep and 0.42 mm2 in the main habitat area. At this
depth, all bacteria are confined to a thin layer, which facili-
tates image acquisition. Habitat 1 represents the most con-
tinuous case, whereas habitat 2 represents an intermediary
between the continuous and patchy cases. A central pillar is
necessary in these habitats to prevent collapse due to aspect
ratio constraints.48 In habitat 3, 24 × 100 μm2 corridors are
introduced between 12 circular patches (210 μm diameter) to
represent a patchy case with the simplest network topology
(area including corridors is 0.45 mm2). The edge-to-area
ratios of the habitats are 0.011, 0.015, and 0.022 μm−1, which
represent an approximately linear increase in patchiness.15

Compared to the size of P. aeruginosa (~1 μm diameter), the
100 micron scale patchiness treatments in the three habitats
are large. On the other hand, an individual bacterium can
theoretically traverse 100 μm in several seconds,49 but slows
down considerably in aggregates when spatially confined.50

We expect that the chosen scale of patchiness treatments can
affect eco-evolutionary dynamics. During experiments, the
three habitats run in parallel. Other habitat treatments are
shown in the ESI† Fig. S1, but no time-series data was
acquired for these because of time constraints imposed by
our image acquisition setup. We included these extra habitat
treatments as references for future users.

A silicon mold with two spin-coated layers (to accommo-
date both 10 and 20 μm depth features) was produced using
photolithography (McGill Nanotools Microfab). Polydimethyl-
siloxane (Sylgard 184 PDMS, Dow Corning) was poured onto
the mold, cured, and detached to yield MHC replicates that
are about 5 mm thick, and baked at 100 °C for at least 24
hours. To make the PDMS MHC hydrophilic, it was soaked in
0.01 N HCl at 80 °C for one hour, then plasma treated (modi-
fied after41). Finally, the MHC was autoclaved, and stayed in
the sterilized water at room temperature until the experiment
began. The MHC thus remained saturated with water, which
mitigated drying during the experiment.
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Three habitat patchiness treatments. The habitats were inoculated with green cooperators and red defectors. Images shown were taken at
T = 10 (about 10 hours after inoculation). The habitats are 10 μm deep and have diameters of 915, 1165 and 1405 μm. The corridors are 24 μm
wide. The habitat areas are 0.42, 0.42, and 0.45 mm2. The edge-to-area ratios, or patchiness measures, are 0.011, 0.015, and 0.022 μm−1.
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We used the common P. aeruginosa lab strain PAO1 as our
wild-type cooperators, and an isogenic pvdA transposon
mutant,51 which is defective in producing the primary
iron-chelating siderophore (pyoverdin), as defectors. The
cooperator and defector strains were transformed with plas-
mids that constitutively expressed either the green fluores-
cent protein GFP (pMRP9-1 (ref. 52)) or the red mCherry
(pMKB1 (ref. 53)).

In 8 independent experimental replicates for each of 3 cul-
ture conditions (cooperator monocultures, defector monocul-
tures, mixed cultures at 1 : 1 initial ratio) in the MHC, the
expression of GFP or mCherry in cooperators and defectors
were alternated to average out fluorescence-dependent
growth or measurement biases. Cultures were prepared
This journal is © The Royal Society of Chemistry 2015

Fig. 3 Timed images of green cooperators and red defectors in a patchy
time interval T is 57 minutes 18 seconds.
overnight (16 hours) in LB media with antibiotic (250 μg ml−1

carbenicillin) at 37 °C in a shaker incubator. The overnight
bacterial cultures were washed and diluted to an optical den-
sity (600 nm) of 0.005. The experimental media consisted of
casamino acids (5 g with 0.005 M K2HPO4 and 0.001 M
MgSO4 per litre), 50 mM NaHCO3 and 1 mg mL−1 human
apo-transferrin to create an iron-limited environment where
the cooperators' pyoverdin production should be benefi-
cial.29,46 0.7 μL of the diluted culture was pipetted onto each
of the habitat locations on the PDMS MHC (Fig. 1). The MHC
was then carefully pressed onto a cover slip (24 × 60 mm
#1.5H, Schott Nexterion), and excess liquid was wiped from
the sides. By minimizing the amount of liquid used, the
PDMS reversibly sealed to the glass for the duration of the
Lab Chip, 2015, 15, 3723–3729 | 3725

habitat (T = 5 to 12 from top left to bottom right). For all figures, the
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experiment without additional treatment. Three such MHCs
were fitted into a 30 °C heat chamber (Chamlide TC, Live Cell
Instrument) on the inverted robotic stage of a laser scanning
confocal microscope (LSM 700, Zeiss) to allow for parallel
experiments (two for monocultures and one for mixed cul-
ture). The chamber interior was lined with wet tissue papers
and water wells to maintain chip moisture. Images covering
the relevant habitats, with 5 z-slices covering a 20 μm slab,
were acquired every 57 minutes and 18 seconds (the mini-
mum acquisition time in our case) for 20 time points (Fig. 3).
After an experiment, the MHC was disassembled and soaked
in 70% ethanol, washed, and autoclaved for reuse. Each
MHC can be used at least 10 times with no noticeable
degradation.

The images were cropped to show only habitat and corri-
dor areas (ImageJ 1.49). We then obtained the count and
position of each individual bacterium at every time point
(Imaris 7.6.0). Some biases were observed in comparing raw
GFP and mCherry counts of the same strain in monocultures,
and in comparing monocultures to mixed fluorescence cul-
tures of the same strain. These biases were corrected through
a calibration procedure (see ESI†).

The corrected counts were converted to densities X for
each habitat, and the resulting time series were fitted to
logistic growth curves using least-squares maximum likeli-
hood (Matlab R2013a, eqn (1)):
3726 | Lab Chip, 2015, 15, 3723–3729

Fig. 4 Time series of cooperator and defector monocultures, and mixed c
the bottom. Densities are expressed as individuals per micron squared. The
plots are averages for each strain at each time point. *Each time interval T i
(1)
For a replicate of each strain i (cooperator or defector) in
each culture condition S (monoculture or mixed culture), we
estimated its maximum growth rate r and equilibrium den-
sity K. Note that we used the parameter K not as a carrying
capacity, which would not make sense in a mixed culture
involving both inter- and intra-strain competition and coop-
eration. Instead, we used K as an estimate of a strain's equi-
librium density, since the logistic growth curve describes the
trajectories of each strain well regardless of culture type and
the length of individual time series (Fig. 4).

3. Results and discussion

In 8 biological replicates of each habitat and culture types
(two monocultures and a mixed culture), bacteria replicated
and survived for 12 to 18 hours. The mean initial density for
each experiment was 0.0019 μm−2 (SE = 1.9 × 10−4), and
according to ANOVA there was no evidence of bias between
culture type (F2,66 = 3.0, p = 0.055) or between habitats (F1,66
= 0.72, p = 0.40). For mixed cultures, according to ANOVA,
cooperator and defector initial densities were not signifi-
cantly different (F1,45 = 0.091, p = 0.76) and were not
influenced by habitats (F1,45 = 0.36, p = 0.55), indications that
This journal is © The Royal Society of Chemistry 2015

ultures in three habitat patchiness treatments, as illustrated by icons at
different markers represent the 8 experimental replicates, and the line

s 57 minutes 18 seconds.

https://doi.org/10.1039/c5lc00576k


Fig. 5 The ratios of equilibrium densities (K) in mixed cultures (×2)
over monocultures as estimated from bootstrapping for three habitats.
If the interaction between cooperators and defectors has no effect on
their equilibrium densities, the ratio should be 1. In the box plots,
horizontal bars indicate medians, thick vertical bars (boxes) indicate
25th and 75th percentiles, and thin vertical bars indicate minima and
maxima excluding outliers. From bootstrapped linear regressions,
patchiness significantly increased the ratio for cooperators (green
regression line, p = 0.0075), but marginally decreased the ratio for
defectors (magenta regression line, p = 0.16).
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the experiments started at the desired 1 : 1 cooperator-
defector ratios. All cooperator and defector populations dem-
onstrated expected growth kinetics during the experimental
time frame, with evidence of lag, log and stationary phases
(by 10 hours, Fig. 4), characteristics of logistic growth curves.
The equilibrium density estimates (K) represent strain
populations that range from 2400 (cooperators in a mixed
culture) to 38 000 (cooperators in a monoculture) individuals,
or 5.6 × 108 to 9.0 × 109 individuals per mL.

We found that the maximum growth rate r (ESI† Fig. S3)
was not significantly different in all cases according to
ANOVA (F3,87 = 2.2, p = 0.096 for strain and culture type
effect, F1,87 = 0.090, p = 0.77 for patchiness effect, and F3,87 =
0.23, p = 0.88 for interaction effect).

In monocultures, the equilibrium density K (ESI† Fig. S4)
was significantly greater for cooperators than for defectors
(ANOVA F1,44 = 22, p = 2.9 × 10−5), but was not significantly
different across patchiness treatments (F1,44 = 0.06, p = 0.81);
the interaction between strain and patchiness was not statis-
tically significant either (F1,44 = 3.2, p = 0.081). In other
words, cooperation enhanced population densities regardless
of habitat patchiness. In mixed cultures, K was significantly
lower for cooperators than for defectors (F1,43 = 8.3, p =
0.0063), but was not significantly different in terms of patchi-
ness (F1,43 = 0.0024, p = 0.96) and the interaction between
strain and patchiness (F1,44 = 0.047, p = 0.83). Thus, defectors
significantly outperformed cooperators in all habitats, a
result that was also found in well-mixed test tube cultures
(see ESI†). This illustrates the cooperation dilemma,24,54,55

where uniform cooperation provides the best outcome for the
population, but is an evolutionarily inferior strategy.

We can further investigate the cooperation dilemma from
an ecological perspective through the differences between
monocultures and mixed cultures. Judging from monoculture
equilibrium densities alone (Kmono), one may expect coopera-
tors to be evolutionarily dominant over defectors (since
Kmono,C > Kmono,D). If each strain grows in mixed cultures as
if in monoculture, then the ratio 2Kmix/Kmono for each strain
should be one.56 The actual ratios, computed from
bootstrapping, turned out to differ from one (box plots in
Fig. 5). Note these ratios were plotted as estimated spreads
instead of individual points, since they were derived statistics
from unpaired experiments (by resampling with replacement
the numerator and denominator 2000 times). For coopera-
tors, 2Kmix,C/Kmono,C was less than one in all habitats, indicat-
ing that when evolutionarily challenged by defectors, they did
not grow as well. Conversely, for defectors, 2Kmix,D/Kmono,D

was greater than one in all habitats, meaning that they
benefited from cooperators.

The habitat patchiness effects on the 2Kmix/Kmono ratios
can be quantified as the slopes of bootstrapped linear regres-
sions. By repeating the regression on the ratio computed
from the resampling of Kmix and Kmono values with replace-
ment 2000 times, we obtained the median regression slopes
(lines in Fig. 5), and obtained distributions of regression
slopes with which to calculate the following p values. We
This journal is © The Royal Society of Chemistry 2015
found that patchiness did not affect the 2Kmix,D/Kmono,D

ratio for defectors (p = 0.16). On the other hand, patchiness
significantly increased the 2Kmix,C/Kmono,C ratio for coopera-
tors (p = 0.0075). These trends suggest that with increased
patchiness, the ecological pressure against the pyoverdin
public good cooperation, stemming from the challenge by
defectors, is alleviated. Moreover, as patchiness increases,
the ratios 2Kmix,C/Kmono,C and 2Kmix,D/Kmono,D appear to
approach one, so patchiness leads competing strains to grow
as if in isolation. This effect is known in ecology as a spatial
stabilizing effect, in that patchiness isolates strains such that
they increasingly compete within strains rather than between
strains, leading to coexistence regardless of how competitive
each strain is relative to the other.12–14

Our experiment generated the first empirical evidence that
a gradual increase in habitat patchiness, occurring at a scale
much larger than the individual, can affect the evolution of coop-
eration and the coexistence of cooperators and defectors in
bacteria. These results complement a previous microfluidic
experiment,18 which demonstrated the coexistence of bacterial
cooperators and defectors in one microhabitat. The results are
comparable to traditional test tube experiments, which by con-
trolling serial transfer patterns, showed that spatial restrictions
and artificially localized interactions can favour the evolution
of cooperation.29,33–35 Our MHC also provides an alternative to
beaker36 and flow cell experiments,37 which study cooperative
aggregates and biofilms at much larger spatial scales where
whole-population census is generally not feasible.

We have overcome important challenges that are crucial
for the use of microscale habitat devices in evolutionary
Lab Chip, 2015, 15, 3723–3729 | 3727
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biology. The major obstacles to a wider uptake of micro-
fluidic technologies are costly start-up equipment, compli-
cated setup, and associated risks of error and contamina-
tion,45 complexities that are not always geared to answer
basic but outstanding eco-evolutionary questions. In creating
a sealed chip that can run multiple replicates without pumps
for 12–18 hours, we have enabled high-throughput spatial
experiments with minimal setup time and cost. The runtime
is an improvement over previous PDMS microhabitat
devices,38,39 and is much simpler to operate than devices
requiring active nutrient flow.30,40–42 Many aspects of the gen-
erated data, such as individual positions, population spatial
distributions, and movement patterns can be further investi-
gated, and would lead to a more comprehensive understand-
ing of patchiness and individual-level clustering effects57,58

than what our current analyses yielded. It is also possible to
recover bacteria from the MHC at the end of experiments to
detect de novo mutations through sequencing.42 The simplic-
ity of the MHC greatly facilitates running an entire eco-
evolutionary experiment on a chip.

Some limitations exist with the MHC. Because of aspect
ratio requirements with PDMS chambers,48 it is not possible
to create patches and habitats of any dimension. The
enclosed system afforded by our design is simple and
exhibits the familiar logistic growth of bacteria (Fig. 4). How-
ever, without serial transfer of bacteria into fresh medium,
the system limits the possible duration of the experiment for
the following reasons. PDMS facilitates gas exchange, but
gradually absorbs liquid at the same time.59 The sealed sys-
tem also prevents nutrients from being replenished, but con-
versely minimizes the risks of external contamination. Lastly,
the number of different strains that can be tracked simulta-
neously was limited by the number of fluorescent proteins
(e.g. GFP, mCherry) distinguishable using our current setup,
but additional fluorescent proteins are available.60

4. Conclusions

We demonstrated that a simple and reusable microfluidic
chip can provide insights into the eco-evolutionary dynamics
of Pseudomoas aeruginosa, a medically important pathogen.
In the first microbial cooperation experiment with multiple
spatial habitat treatments, we observed that mutant defectors
are evolutionarily more competitive than wild-type coopera-
tors that produce siderophores. However, the ecological pres-
sure against cooperation due to defection is alleviated in
increasingly patchy habitats, leading to continued coexistence
(Fig. 5). The trends suggest that at patchiness levels higher
than those we tested, competing strains may grow as if in iso-
lation – a hypothesis that merits further investigations.

The results suggest that pathogenic bacteria in patchy
habitats, such as the respiratory tract,21 may be more cooper-
ative in exploiting nutrient resources in comparison to a con-
tinuous habitat like a conventional test tube. Nevertheless,
defectors, or loss-of-function mutants, can be expected to
arise and co-exist with wild-type cooperators, as has been
3728 | Lab Chip, 2015, 15, 3723–3729
observed in patients with cystic fibrosis.25–27 The simple chip
design and operation should facilitate its uptake in ecologi-
cal, evolutionary, and medical research, leading to novel
experiments that complement existing studies on microbes
in spatially complex environments.18,29,37,42,61 Specifically,
future experiments using our microhabitat chip can address
how habitat patch size and corridor topology affect
demography62–64 and cooperation,5,65 and how nutrient avail-
ability66 interacts with patchiness to affect microbial commu-
nity dynamics.67
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