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SCIENTIFIC REPLIRTS

Cooperation and competition
shape ecological resistance during
_periodic spatial disturbance of
o angineered bacteria

Published online: 27 March 2017 . . . . - .
ublished oniine are Cortney E. Wilson'2, Allison J. Lopatkin3, Travis J. A. Craddock®>¢7, William W. Driscoll®, Omar

Tonsi Eldakar?, Jose V. Lopez!? & Robert P. Smith?

Cooperation is fundamental to the survival of many bacterial species. Previous studies have shown that
spatial structure can both promote and suppress cooperation. Most environments where bacteria are
found are periodically disturbed, which can affect the spatial structure of the population. Despite the
important role that spatial disturbances play in maintaining ecological relationships, it remains unclear
as to how periodic spatial disturbances affect bacteria dependent on cooperation for survival. Here, we
use bacteria engineered with a strong Allee effect to investigate how the frequency of periodic spatial
disturbances affects cooperation. We show that at intermediate frequencies of spatial disturbance,

the ability of the bacterial population to cooperate is perturbed. A mathematical model demonstrates
that periodic spatial disturbance leads to a tradeoff between accessing an autoinducer and accessing
nutrients, which determines the ability of the bacteria to cooperate. Based on this relationship,

we alter the ability of the bacteria to access an autoinducer. We show that increased access to an
autoinducer can enhance cooperation, but can also reduce ecological resistance, defined as the ability
of a population to resist changes due to disturbance. Our results may have implications in maintaining
stability of microbial communities and in the treatment of infectious diseases.

Cooperation plays a vital role in many biological systems, including within bacterial populations'. Here, coop-
eration is critical in coordinating diverse behaviors? including the colonization of the rhizosphere?, activation of
virulence genes?, host colonization®, antibiotic resistance®, and the production of bioluminescence’.
Cooperation between bacteria can be regulated by the production and exchange of small diffusible mole-
cules or peptides called autoinducers in a process called quorum sensing®. Cells sense and respond to the local
autoinducer concentration, which often serves as a trigger for downstream gene expression. If the concentration
of the autoinducer is too low, the cooperative behavior is not initiated. As the majority of the autoinducer is not
retained by the bacterium that produces it, the concentration of the autoinducer detected by each bacterium can
be largely dictated by the spatial distribution of bacteria’®. Previous theoretical and experimental studies have
demonstrated that, in undisturbed environments, spatial structure, or clustering, of bacteria can facilitate coop-
eration!®*. Conversely, in some instances, spatial structure has also been shown to undermine cooperation'>=.
Furthermore, spatial structure can lead to reduced growth through increased competition'® !?, which may further
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Figure 1. The engineered bacteria used in this study. (A) The gene circuit consists of two modules: a killing
module (red shading) and a rescue module (green shading). The killing module contains an IPTG inducible
(P, promoter) ccdB gene from the CcdA/CcdB toxin-antitoxin system. The rescue module contains an

IPTG inducible (Py,q,,.; promoter) luxR/luxI quorum-sensing (QS) system from Vibrio fischeri® and an AHL
inducible (Py,, promoter) ccdA from the CcdA/CcdB toxin-antitoxin system. Induction with IPTG (1 mM)
causes expression of [uxR/luxI and ccdB. ccdB causes cell death**. However, ccdA can inhibit ccdB if luxI
synthesizes a sufficient amount of AHL (yellow circles), which is dependent upon the initial density of bacteria
in the population. (B) Final density of engineered bacteria (CFU/mL) in cultures incubated for 48 hours starting
from different initial densities (see Methods for details) Green bars =no IPTG, circuit off. Blue bars =IPTG,
circuit on. An ODyg, of 0 indicates that no CFUs were detectable in the medium. Standard deviation (SD) from a
minimum of three biological replicates.

reduce the fitness of cooperative microbes. Nevertheless, cooperation remains stable in nature, thus suggesting
that mechanisms exist to balance these conflicting observations. These mechanisms have yet to be fully described.

The majority of previous studies that have examined how spatial structure influences cooperation have
occurred in either undisturbed or continuously disturbed (well-mixed) environments. However, these stud-
ies predominantly investigated the stability of cooperation in the presence of non-cooperating ‘cheater’ cells®.
Furthermore, they did not examine the dynamics of populations that rely on cooperation for survival, also known
as a strong Allee effect?!. Strong Allee effects have been observed in many systems including non-invasive?, inva-
sive?® and reintroduced species*’. In bacteria, strong Allee effects are observed when pathogenic bacteria infect
a host’, during activation of virulence factors?®, in the formation of antibiotic resistant biofilms?®, and during
cooperation of planktonic bacteria to resist an antibiotic?’.

Disturbances are rarely an all or none occurrence as periodic disturbances play a critical role in microbial
communities?. Environments where bacteria are naturally found, including soils?’, marine environments>’, and
in hosts®, are subject to periodic disturbances®. These disturbances may cause reorganization of spatially struc-
tured organisms, including bacteria®>**. Depending on the ability of the population to resist such changes (i.e.,
ecological resistance), these disturbances may influence the ability of a population to cooperate. Moreover, how
disturbances affect microbial communities has been historically challenging to study given multiple confound-
ing variables that can impact natural populations®. Thus, it currently remains unclear as to how periodic spa-
tial disturbances affect bacterial populations dependent on cooperation for survival. Understanding how spatial
structure driven by periodic disturbances affects cooperation is critical to understanding and manipulating coop-
erative bacteria, which may allow for unique approaches to reduce the growth of pathogenic bacteria®.

In this manuscript, we used engineered bacteria designed using the principles of synthetic biology. Engineered
microbes have been previously used to unveil unique dynamics that are often challenging, if not impossible, to observe
and quantify in their natural counterparts®*’. These engineered systems serve as a middle ground between empirical
studies, which may suffer from multiple confounding variables, and purely theoretical or mathematical studies, which
may not necessarily operate in biologically feasible parameters spaces. Owing to the usefulness of engineered microbial
systems, many theoretically predicted cooperative dynamics have been successfully observed in engineered microbial
systems’®, while new dynamics have also been described”. Our engineered bacteria use quorum sensing to regulate
survival and growth. Along this line, cooperative dynamics regulated by quorum sensing have been previously studied
in engineered bacteria®. For example, Pai et al., used an engineered Escherichia coli strain to demonstrate conditions
under which quorum sensing is beneficial to a population®’. Furthermore, Smith et al., used engineered bacteria that
require the expression of a quorum sensing regulated gene to survive to demonstrate tradeoffs between cooperation
and dispersal*. Finally, Zhang et al., used two engineered strains of Bacillus subtilis to examine tradeoffs between quo-
rum sensing and the production of extracellular matrix during biofilm formation®’.

Results

An experimental approach to study the effects of periodic spatial disturbance on coopera-
tion. To investigate how periodic spatial disturbance affects a population with a strong Allee effect, we used an
engineered strain of E. coli that requires access to a shared acylhomoserine lactone (AHL) to grow and survive*
(Fig. 1A). The circuit is activated through the addition of isopropyl 3-D-1-thiogalactopyronoside (IPTG) to the
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Figure 2. Quantifying the movement of gfp-expressing bacteria during linear shaking. (A) We periodically
altered the spatial distribution of the bacterial population by shaking the microplate linearly. This dispersed

the bacteria away from their positions where, after a period of time, their positions were disturbed again. (B)
Average dispersal rate of bacteria in medium with different agar densities, and in the absence of shaking (see
Methods). p <0.03 amongst all conditions (two-tailed t-test in panels (A,B)). SD from six biological replicates.
(C) Average distance travelled by the bacteria after a single shake in the microplate reader (see Methods). For all
comparisons, p <0.05. SD from a minimum of three biological replicates.

medium. Upon circuit activation, the bacteria express the CcdB toxin protein, which can kill the bacteria*. The
addition of IPTG simultaneously drives expression of LuxI?, a protein that produces AHL. Once a sufficiently
high concentration of AHL is reached, it activates the expression of the CcdA anti-toxin protein, which inhibits
the CcdB toxin protein and allows population growth, and survival. If AHL does not reach a sufficiently high
concentration, expression of ccdA, and thus cooperation, does not occur and the population goes extinct. Since
AHL rescue only occurs at sufficiently high AHL concentrations, and therefore a sufficiently high cell density,
the ability to successfully cooperate is measured using the minimal density of bacteria required for population
growth (Pcg;p). Enhanced cooperation corresponds to a lower value of Pcy;r. Experimentally, we defined Pey;p as
the highest initial density of bacteria where the cell density (ODg,) after 48 hours of growth is not statistically
different than zero*>. We confirmed that an ODy, value of zero at 48 hours represents, on average, an absence of
colony forming units (CFU, Fig. 1B). This indicated that cooperation was not successful.

We grew our engineered bacteria in a 96-well microplate to determine the effect that periodic disturbance had
on cooperation and survival (see Methods). Previous studies have demonstrated that changing the agar density in
growth medium is an effective method to alter the spatial distribution of microbes®. To achieve this, we dissolved
different amounts of agar in the medium (0%, 0.2% and 0.4%), which would serve to change the degree to which
each spatial disturbance altered the distribution of bacteria. To simulate a spatial disturbance, we periodically
shook the microplate in a microplate reader (Fig. 2A) using a linear pattern with a 0.1 mm radius. To confirm that
this shaking pattern was sufficient to displace bacteria, we used a gfp-expressing strain of bacteria and measured
how far the bacteria travelled in a linear cell culture chamber after an individual shake (Methods). We observed
that increasing the agar density in the medium reduced the distance each individual shaking event dispersed the
bacteria (Fig. 2B,C). We note that shaking the micoplate to cause a disturbance is analogous to a pulse type dis-
turbance, which are observed in nature and are short term disturbances that are discrete in time*. In this study,
we chose to use a generic and previously described classification of disturbance, defined as “any relatively discrete
event in time that disrupts ecosystem, community, or population structure and changes resources, substrate avail-
ability, or the physical environment™”*%. Analogous to shaking in the microplate reader, disturbances can be an
abiotic physical force or process that results in a perturbation to an ecosystem or population®.

Next, we used fluorescent microscopy to observe how different frequencies of shaking would determine the
spatial distribution of the bacteria (Fig. 3). To accomplish this, we inoculated a 100-fold dilution of an overnight
culture of gfp-expressing bacteria into the center of a well in a 96- well plate that contained M9 medium. When
initially inoculated into medium with 0% agar, bacteria appeared to spread uniformly throughout the medium
(Fig. 3A), and did not exclusively settle to the bottom of the well. When inoculated into medium with 0.2% and
0.4% agar, the majority of the bacteria remained clustered around the initial point of inoculation (Fig. 3A), and
were distributed throughout the height of the well. Here, the bacteria formed a shape that was reminiscent of a
cylinder.
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Figure 3. Periodic shaking of gfp-expressing bacteria in a microplate reader alters their spatial distribution.
(A) When gfp-expressing bacteria were grown in medium with 0% agar, bacteria were spread amongst the
well. When bacteria were grown in medium with 0.2% or 0.4% agar, the majority of bacteria were confined to
a central cluster at the initial point of inoculation. (B) Representative images of gfp-expressing bacteria during
periodic shaking of the microplate. The central cluster is indicated with a white arrow. For panels B, C and

E, images taken at 24 hours. (C) Representative images of bacteria in 0% agar with increased magnification.
(D) The volume of clustered gfp-expressing bacteria. In all agar densities, the volume of bacteria was highest
at an intermediate shaking frequency (3/hr). Inset: Data expanded to show trend in medium with 0% agar.

P <0.048 when 1/hr and 12/hr are compared to 3/hr demonstrating significance in biphasic trend (one-tailed
t-test). Volume calculated as described in Methods. SD from a minimum of three biological replicates. (E)
Representative images of bacteria outside of the central cluster. Bacteria were scattered, less numerous and
formed smaller colonies.

<>
Direction of Shaking

We then shook the microplate at different frequencies and examined the distribution of gfp-expressing bacte-
ria at 24 and 48 hours. Each shaking frequency resulted in a unique change in the spatial distribution of bacteria
(Fig. 3B-E). With 0% agar, low or high shaking frequency [e.g., 1 shake/hr (1/hr) or 12 shakes/hr (12/hr)] resulted
in defined areas of bacterial growth, which we call bacterial clusters (Fig. 3B. Magnified areas of bacteria in 0%
agar shown in Fig. 3C). At intermediate shaking frequency [e.g., 3 shakes/hr (3/hr)], bacterial growth appeared
more evenly distributed throughout the medium, with few areas lacking bacterial growth. With 0.2% and 0.4%
agar in the medium, the majority of the bacteria grew in the center of the well as a column, which we call the cen-
tral cluster. The volume of the central cluster followed a biphasic trend with shaking frequency, where its size was
maximized at a shaking frequency of 3/hr and the total size was reduced with increasing agar density (Fig. 3D).
Outside of the central cluster, bacteria were unorganized or formed smaller, irregular clusters, were reduced in
number and appeared to occur at different heights in the well (Fig. 3E).

Access to nutrients and autoinducer determine population survival during periodic spatial dis-
turbance. Using the experimental approach described above, we inoculated a 10-fold dilution series of the
engineered cooperative bacteria into the center of microplate wells that contained M9 medium, and shook the
population at different frequencies. We observed that when the microplate was shaken at 1/hr, 9/hr and 12/hr,
Pcgir was equivalent regardless of agar density in the medium (Fig. 4A). At intermediate shaking frequency (3/
hr and 6/hr), Pcpr decreased with increasing agar density. Here, cooperation was enhanced with 0.4% agar and
inhibited with 0% agar. Otherwise, with 0.2% agar, cooperation was not altered relative to a low or high shaking
frequency. All values of Py, and their corresponding p-values are in Supplementary Table S1. For a statistical
comparison between Pcg;y values, see Supplementary Table S2.

Intermediate frequencies of disturbance are a key feature in maintaining ecological relationships, including
the preservation of biodiversity>® and species co-existence®'. In general, an intermediate frequency is one that
lies between the undisturbed, or continuously disturbed extremes®. We sought to understand why intermediate
shaking frequencies led to changes in Pcg;r. We formulated a mathematical model consisting of three delayed
differential equations that considers bacterial growth, production of AHL, and first-order AHL-mediated rescue
(Equations (1-3) in Methods.) Model development and assumptions can be found in the Supplementary Results.
Parameters are presented in Supplementary Table S3.
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Figure 4. Access to AHL and access to nutrients determines Pqg;r during periodic spatial disturbance. (A)
Pegyr of engineered bacteria shaken at different frequencies and agar densities. At 1/hr, 9/hr and 12/hr, Pegr
was identical in all agar densities (p > 0.36). At 3/hr and 6/hr, Pcg;r decreased with increasing agar density

(p <0.04). Raw data in Supplementary Fig. S1. Peg;ras a function of § in Supplementary Fig. S2. Two-tailed
t-tests for Pcpypin Supplementary Tables S1 and S2. For panels with experimental data, SD from a minimum of
three biological replicates. (B) Growth rate of engineered bacteria at different frequencies and agar densities.
Bacteria in medium with 0% agar had a higher growth rate than bacteria in 0.2% and 0.4% agar (p <0.002,
two-tailed t-test). p=0.53 when 0.2% and 0.4% agar are compared to each other. (C) ODg, reached by bacteria
after growing for 16 hours in medium obtained from previous cultures with 0% and 0.4% agar. In both cases,
the medium was obtained at 0 cm and 0.5 cm from the initial point of inoculation. In 0% agar, ODg, was the
same after 16 hours (p =0.574). In 0.4% agar, ODy, was higher in the sample taken 0.5 cm away from the initial
point of inoculation (p = 0.004, Methods and Supplementary Results). (D) Simulation results demonstrating
how Pcgris affected by shaking frequency (Equations (1-3), see Methods). (E) Values of ¢ from experimental
data (left panel) and in our model (right panel, see Methods). For experimental data, p <0.05 for comparisons
within and between different frequencies and agar densities except p=0.27 when 1/hr and 12/hr are compared
in medium with 0.4% agar (two-tailed t-test). (F) Values of o in our model that were qualitatively fit to Fig. 2C
(see Supplementary Results). (G) Schematic of mechanism. With low shaking frequency, bacteria are clustered,
increasing AHL access but reducing nutrients access through increased competition. With high shaking
frequency, AHL access is reduced, but access to nutrient is increased through decreased competition. The non-
linearity of these opposing trends cause changes in Py, at intermediate shaking frequency.

To capture the effect of shaking the microplate, we consider two populations: P,, which are the bacteria inside
clusters (including the central cluster), and P,, which are the bacteria outside of clusters. For each shaking event,
bacteria predominantly move from P, to P, at a rate, o, which is controlled by agar density and shaking frequency.
It has been previously observed that bacteria that grow in clusters or colonies have reduced growth rates due to
nutrient limitation through increased competition'. We confirmed that bacteria in P, grow slower (Fig. 4B) and
that this is due to nutrient limitation (Fig. 4C, Methods). Therefore, P, and P, grow at different rates, . and f,,
respectively, and that 1, < f4,.

Clustering has been shown to facilitate local AHL accumulation®. Therefore, to incorporate this spatial effect
into our two-dimensional model, we assume that AHL production is proportional to bacterial clustering, 6. Here,
¢ is a function of the change in the volume of clustered bacteria normalized by the volume over which the bacte-
rial population is spread. Thus, 6 serves as a scaling factor for AHL production, which incorporates the benefit of

SCIENTIFICREPORTS |7:440 | DOI:10.1038/s41598-017-00588-9 5
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clustering for increased AHL access and simplifies the influence of periodic shaking. Large values of 6 correspond
to a highly clustered environment. As bacteria become less clustered, a decrease in ¢ diminishes the feedback of
AHL production on the entire population (see Methods for estimation of §). Experimentally, we quantified ¢ by
estimating the volume occupied by clustered gfp-expressing bacteria (see Methods, Equation (4)). We used these
experimentally determined values to guide ¢ in our model.

Our model predicts that intermediate shaking frequencies result in larger changes in Py, as compared to
high or low shaking frequency (Fig. 4D). When bacteria are shaken infrequently (1/hr) § is sufficiently large
(Fig. 4E), which serves to enhance cooperation. However, since « is sufficiently low (Fig. 4F), the growth rate
is slow due to reduced nutrients through increased competition. As such, most bacteria grow at /.. In contrast,
when bacteria are shaken frequently (12/hr), 6, and therefore AHL production, is low. However, high values of
o allow more bacteria to disperse away from the central cluster to grow faster at 1. Here, access to nutrients
is increased, reducing competition, which increases the growth rate of the population. This compensates for
decreased AHL production from P, by generating more bacteria in P,, each of which is capable of AHL pro-
duction. As such, cooperation is driven by two opposing factors: growth rate, which is determined by access to
nutrients and competition, and access to AHL, which is determined by bacterial clustering. At sufficiently low
or high shaking frequencies, changes in 6 and growth rate (y,, y,) serve to balance each other, resulting in minor
differences in Py, across agar densities (Fig. 4G).

Nonlinear changes in § at intermediate shaking frequencies (e.g., 3/hr) lead to larger changes in Pcg;r. When
few bacteria disperse relative to the increase in 0, as is observed in 0.4% agar, cooperation is enhanced and
Pegyr decreases. Here, a small, but sufficient population of bacteria is dispersed, and grow at y,. These bacteria
gain increased access to nutrients, which serves to increase AHL production, and thus enhance cooperation.
Conversely, when o does not sufficiently increase to compensate for the decrease in 6, as is observed in 0% agar,
cooperation is reduced and Py, increases. Here, increased access to nutrients allows for additional growth at 1.
However, because dispersal is not sufficiently high, additional growth at 1, cannot compensate for the reduction
in bacterial clustering. This reduces cooperation. When « and 6 are balanced, which occur in 0.2% agar, Peg;r
remains relatively unchanged relative to low or high shaking frequency. Overall, at an intermediate shaking fre-
quency, cooperation can be either enhanced or reduced by periodic spatial disturbances due to an imbalance
between ¢ and growth (. or 11,). We note that the inclusion of nonlinear rescue via AHL does not qualitatively
impact the results of our simulation (Supplementary Fig. S3). Furthermore, if § decreases as a function of shaking
frequency, our model cannot predict our experimental results (Supplementary Fig. S3). Finally, sensitivity analy-
sis revealed that our simulation results are robust when the values of most of our parameters in Equations (1-3)
(see Methods) are varied between 0.5X and 2.5X (Supplementary Fig. $4).

Stabilizing autoinducer leads to tradeoffs between maintaining ecological resistance and
enhancing cooperation. Ecological resistance is an important metric in ecological stability used to describe
the amount of disturbance an ecosystem or community can withstand before being perturbed®. As microbial
systems are a cornerstone of many ecosystems, understanding the principles that allow the maintenance of their
ecological stability is critical in maintaining ecological relationships. Often, resistance is measured by examining
changes in community composition or function before and after a disturbance event, relative to an undisturbed
control®. In line with this approach, resistance could be measured in our system as the ability of a given shaking
frequency to change Pcg;r. As a control condition, we used a Pgg;p on the order of magnitude of 10* CFU/mL
(4.84 x 10*+1.91 x 10* CFU/mL), which was observed when the bacteria were not shaken linearly (Fig. 5A).
Along this line, bacteria were more resistant to periodic disturbance when shaking was applied at 1/hr, and 12/
hr (Fig. 4A), as Pg;r was not changed relative to the undisturbed population (p > 0.12). Otherwise, resistance
was reduced at an intermediate shaking frequency (3/hr) as Py, was observed to change (increase and decrease,
P <0.001) relative to the undisturbed population (except 0.2% agar, p=0.64).

Access to autoinducers, such as AHL, is a critical feature driving many cooperative behaviors in bacteria and is
often determined by spatial distribution®. We sought to perturb AHL access to determine its affect on resistance
(Fig. 5B, left) and cooperation (Fig. 5B, right). To capture increased access to AHL in our model, we reduced the
AHL degradation term in Equation (1) (k,). Our simulations predict that at high shaking frequency, increasing
AHL stability has a negligible influence on Pc;r (Fig. 5C,D). If the bacteria are benefiting from increased access
to nutrients (y,) via large o, then decreasing k, should result in minimal changes to cooperation. Here, resistance
remains relatively unchanged. At 1/hr, decreasing k, can decrease Py, as is observed in 0.4% agar. In this case,
alow a coupled with the benefits of a sufficiently large § can reduce Pcp;r. Here, reduced resistance promotes
enhanced cooperation.

At 3/hr, increasing AHL access can have diverse effects on resistance and cooperation. If « is sufficiently
high (0% agar) Pcg;ris reduced. Both cooperation and resistance are enhanced. While 6 remains low under this
condition, the increased access to nutrients results in more growth at /. This increased growth rate of the pop-
ulation, coupled with increased stability of AHL, reduces Py, An intermediate value of o (0.2% agar) leads to
a decrease in Py Cooperation is enhanced, but resistance is reduced. Here, increased access to AHL, coupled
with an intermediate value of ¢ serves to reduce Pc;r. Note that resistance is reduced as Pcg;; changed from the
undisturbed control. Finally, for low « (0.4% agar), Pcg,p> and thus resistance and cooperation, remains relatively
unchanged. Here, § is already sufficiently high that increased access to AHL has minimal impact on cooperation.

Experimentally, we increased AHL access by growing our bacteria in medium with reduced pH. This serves
to reduce the degradation rate of AHL but does not affect growth rate or GFP expression*?. This indicates that
changing pH in this study would predominantly affect AHL stability, and thus expression of genes under the
regulation of AHL, such as the expression of CcdA. Our experimental results validate modeling predictions
(Fig. 5E,F). Overall, these results suggest that while increased AHL access can enhance cooperation, it can simul-
taneously reduce resistance to periodic spatial disturbance.
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Figure 5. Increasing access to AHL perturbs the ability of bacteria to resist periodic spatial disturbance. (A)
Pepirof engineered bacteria grown in different agar densities but in the absence of shaking. Average Peg
observed in all three agar densities was 4.84 x 10*+1.91 x 10* CFU/mL (p =0.12, two-tailed t-test). Two-tailed
t-tests for each Pcy;p in Supplementary Tables S1 and S2. SD from twelve measurements, consisting of at least
three biological replicates per agar density. (B) Measuring resistance and cooperation. Left: In an undisturbed
environment, Pqp;r was ~10* CFU/mL. If the bacteria were resistant to disturbance, Pog;r would remain at

this density (green arrow). Changes in Pcp - show a decrease in resistance (red arrow). Right: Cooperation

is enhanced (green) or reduced (red) if Pcg,p is reduced or increased from ~10* CFU/mL, respectively. (C)
Simulation results (Equations (1-3)) showing Pcg;r with decreased k; For simplicity, we show the three shaking
frequencies measured experimentally. For a high-resolution simulation, consult Supplementary Fig. S5. (D)
Individual simulations with decreased k. Squares indicate simulation data performed with decreased k. Circles
indicate simulation data re-plotted from Fig. 4D. For panels (D,F), green arrows indicate increased resistance.
Red arrows indicated reduced resistance. Direction of arrow indicates perturbation to Peg;r. (E) Pegyp of
engineered bacteria grown in medium with pH 7.0. Two-tailed t-tests for each Py in Supplementary Tables S1
and S2, including comparisons between Pcp;r in medium with pH 7.4 and pH 7.0. SD from a minimum of three
biological replicates. (F) Individual experiments for each agar density. Squares indicate Py from bacteria
grown in medium with pH 7.0. Circles are re-plotted from Fig. 4A. Raw data in Supplementary Fig. S5.

To further investigate this tradeoff in our system, we reduced AHL access. To accomplish this mathematically,
we decreased 6 (Fig. 6A). Experimentally, we mimicked this reduction in AHL access (for 0.2% and 0.4% agar)
by mixing the bacteria in the well at the beginning of the experiment. Our model predicts (Fig. 6B,C) and exper-
iments validate (Fig. 6D,E) that Py, increases if « is sufficiently low (0.4% agar). Although mixing reduced bac-
terial clustering, and thus AHL access, it simultaneously increased access to nutrients. This leads to more bacteria
growing at a rate j,, which enhances overall population growth. This manipulation served to increase resistance
but reduce cooperation. However, if a was sufficiently high (0.2% agar), decreasing AHL access impacts Peg;r
minimally. Here, any increased access to nutrients was counterbalanced by a decrease in bacterial clustering, and
thus access to AHL. As such, cooperation and resistance were unaffected. Taken together, our results emphasize a
fundamental tradeoff: increased AHL access enhances cooperation but can simultaneously make the population
less resistant to periodic spatial disturbances.

Discussion

We have demonstrated that the frequency of periodic spatial disturbance can alter the ability of bacteria with a
strong Allee effect to grow and survive. This was predominantly observed at an intermediate frequency of spatial
disturbance (Fig. 4). In line with our results, previous studies have demonstrated that microbial diversity is high-
est* and that cooperation is more stable in the presence of non-cooperating ‘cheater’ bacteria®>*” at intermediate
disturbance frequencies. These studies did not explicitly take into account spatial structure. Nevertheless, when
taken together, it appears that intermediate disturbance frequency is an important feature affecting bacterial
cooperation.

We realized periodic spatial disturbance by using the linear shaking function of the microplate reader.
Previous studies have observed that agar densities of 0.5% or less may introduce viscoelastic properties to the
medium®®, which may introduce anisotropic flows in the medium along the direction of motion. In turn, this
could bias the overall distribution pattern of bacteria, and disrupt any swimming motion of bacteria during
shaking. However, shaking is the primary driver of movement in our system (Fig. 2B,C). Active swimming of
bacteria is likely negligible as previous studies have shown that E. coli strain DH5aPRO (the strain which harbors
the circuit) has a significantly reduced motility via swimming®. Finally, we did not observe growth patterns that
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Figure 6. Decreasing access to AHL can increase resistance but reduces cooperation. (A) To reduce access to
AHL in the model, we decreased ¢ by 0.7 at 3/hr (relative to § presented in Fig. 2E). Experimentally, we mixed
the bacteria in the well at the beginning of the experiment. For all panels, squares indicate decreased 6. Circles
represent data re-plotted from Fig. 4. (B) Simulations results (Equations (1-3)) showing Pcp;r with decreased

6. For simplicity, we show the three shaking frequencies measured experimentally. (C) The result of individual
simulations for each shaking frequency examined. For panels (C,E), green arrows indicate resistance increased
(single ended arrow) or remained unchanged (double ended arrow). Direction of arrow indicates perturbation
to Pegyy. (D) Pegpr of engineered bacteria that were initially well-mixed in the microplate well. Two-tailed t-tests
for each Py in Supplementary Tables S1 and S2, including comparisons between the well-mixed and non well-
mixed initial conditions. SD from a minimum of three biological replicates. (E) Individual experiments for each
agar density. Raw data in Supplementary Fig. S6.

were exclusively orientated with the direction of motion (Fig. 3B). Thus, anisotropy likely did not play a major
role in determining our findings. It is possible that different patterns (e.g., orbital shaking) of shaking may alter
the distribution of bacteria, and thus cooperation, in a different fashion than what is observed in this study. This
remains an open and interesting question.

We found that by altering AHL access, the ability of a population to resist periodic spatial disturbance could be
perturbed. This was most pronounced at intermediate disturbance frequency. Here, in 0.2% agar, increasing AHL
access (pH 7.0) reduced resistance, while simultaneously enhancing cooperation. Resistance, and thus ecological
stability, was reduced as Pcg;r was reduced from the undisturbed control condition (~10* CFU/mL). Cooperation
was enhanced as Py, was reduced relative to bacteria grown in medium with 0.2% agar and at pH 7.4. While
enhanced cooperation could benefit an individual population with a strong Allee effect, as it would reduce the
density required to survive, it could also reduce the ecological stability of the environment where the population
resides. Maintaining ecological stability often involves balancing species abundance and composition* 4. By
facilitating the growth of one species in an environment, species abundance may be perturbed. This disruption
could undermine the long-term stability of the community, thus reducing the ability of the ecosystem to resist
future disturbances. A direct experimental test of this notion would require the use of a microbial consortium.

Our results may have implications in the treatment of infectious diseases. Specifically, as our results demon-
strate that the bacterial population requires a higher Py, to initiate cooperation at an intermediate frequency of
disturbance and fast dispersal (0% agar), it is plausible that cooperative pathogens may be less prone to initiating
quorum sensing regulated pathogenesis if disturbed at an appropriate, intermediate frequency.

Methods

Strains and Growth Conditions. Escherichia coli strain DH5aPRO (Clontech, Mountain View, CA) was
used in this study unless otherwise indicated. All experiments were performed in modified M9 medium [1X
MO salts (48 mM Na,HPO,, 22 mM KH,PO,, 862 mM NaCl, 19 mM NH,Cl), 0.4% glucose, 2% casamino acids
(Teknova, Hollister, CA), 0.05% thiamine (Alfa Aesar, Ward Hill, MA), 2mM MgSO,, 0.1 mM CaCl,] buffered
to pH 7.0 or 7.4 with 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS, Amresco, Solon, OH) with or
without 0.2% or 0.4% agar (Alfa Aesar, Ward Hill, MA). 25 ug/mL chloramphenicol (Alfa Aesar, Heysham,
England) and 50 pg/mL kanamycin (Amresco, Solon, OH) were used as appropriate. When growing bacteria in
the microplate, the medium was overlaid with 70 uL of mineral oil (Fisher Scientific, Fair Lawn, NJ) to prevent
evaporation. All experiments were initiated using single colonies that were inoculated into 5 mL of Luria-Bertani
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(LB) broth (MP Biomedicals, Solon, OH) containing the appropriate antibiotics. Liquid cultures were shaken at
37°C for 24 hours at 250 RPM. Activation of the gene circuit was achieved by adding of 1 mM IPTG (Promega,
Madison, WI). Transformations were performed using a Zymo Z-competent transformation kit (as per manufac-
turer’s specifications, Genesee Scientific, San Diego, CA).

For microscopy, we used E. coli strain DH5aPRO transformed with a plasmid containing gfp(mut3b)%° (colE1
origin of replication, chloramphenicol resistance, gfp driven by an anhydrotetracycline (atc) inducible P,
promoter®?).

Dispersal Rate of Bacteria. To determine the dispersal rate of the bacteria, we used a cell chamber (Ibidi,
Martinsried, Germany) made of uncoated hydrophobic glass. Bacteria expressing gfp were grown overnight in
5mL of LB with 25 pg/mL chloramphenicol at 37 °C. The following day, bacteria were resuspended in M9 medium
containing 100 ng/mL of anhydrotetracycline (atc, Acros Organics, Geel, Belgium) and chloramphenicol and
shaken for 90 minutes at 37 °C to induce GFP expression. 10 uL of the culture was inoculated at one end of the cell
chamber, which contained 150 pL of M9 medium (containing 0%, 0.2% or 0.4% agar). Both openings of the cell
chamber were then overlaid with 15pL of mineral oil. After 20 minutes, the initial position of the leading edge
of the bacterial population was observed and the position was recorded using an Olympus IX73P2F fluorescent
microscope at 25X magnification with a DP-80 camera (Olympus Microscopes, Center Valley, PA) using the
fluorescein isothiocyanate (FITC) and phase contrast filters. The chamber was then allowed to incubate at 37°C
without shaking on a level surface. For bacteria grown in 0.2% and 0.4% agar, the position of the leading edge was
measured every 12 hours for 24 hours. For bacteria grown in 0% agar, the position of the leading edge was meas-
ured after 4 hours. cellSens software (Olympus Microscopes) was used to quantify the distance that the leading
edge of the bacterial population travelled. Distances were averaged from three biological replicates. The dispersal
rate was calculated by taking the total distance moved and dividing through by the number of hours over which
the experiment occurred.

Distance Travelled due to Shaking. E. coli expressing gfp were grown in 5mL of LB medium contain-
ing 25 pg/mL chloramphenicol. The following day, the bacteria were resuspendend into M9 medium containing
25pg/mL chloramphenicol and 100 ng/mL of atc and were shaken at 37 °C for 3hours. 150 pL of M9 medium
(containing 0%, 0.2% or 0.4% agar) was placed into a cell chamber. 10 uL of the bacteria was then inoculated
into one of the ends of the chamber. The plate was left at room temperature for 10 minutes whereupon the initial
position (leading edge) of the bacteria was recorded using an Olympus IX73P2F fluorescent microscope (25X
magnification using a DP-80 camera). The plate was then placed in the microplate reader, secured to the robotic
platform using tape, and shaken once as described in ‘Spatial disturbance assays. The chamber was placed parallel
to the shaking axis of the microplate reader. After removing the chamber from the microplate reader, the distance
that the bacteria were displaced in the cell chamber was calculated using cellSens software. Distances were aver-
aged from three biological replicates. For consistency both, the same cellSens software tool and approach were
used to measure distance travelled in both ‘Dispersal Rate of Bacteria’ and ‘Distance Travelled due to Shaking.

Measuring nutrients in medium with 0% and 0.4% agar. To measure how agar density impacts
growth and nutrient access, we inoculated ~10° CFU/mL of engineered bacteria into the center of a 6-well plate
containing 5mL of M9 medium. This medium did not contain IPTG and contained either 0 or 0.4% agar. Next,
we overlaid the medium with 2 mL of mineral oil and incubated the plate at 37 °C without shaking. After 24 hours,
we removed four, 200 pL aliquots of medium from either the initial point of inoculation (0 cm) or 0.5 cm away
from the initial point of inoculation. Note that, in 0% agar, bacterial growth appeared to be evenly distributed
amongst the well, and was therefore equal at both sampling positions. In contrast, in 0.4% agar, bacterial growth
was predominantly confined to the initial point of inoculation. Here, bacterial growth appeared to be reduced at
the 0.5 cm sampling positions.

We pooled the aliquots from each sampling position and agar density. We filtered the pooled medium through
a 0.22 um syringe filter (PES, Genesee Scientific) to remove bacteria. We then inoculated ~10 CFU/mL engi-
neered bacteria from a fresh overnight culture into 50 pL of the filtered medium. This medium was then placed
in a 96 well microplate and was overlaid with 70 pL of mineral oil. The microplate was placed in a VICTOR
X4 microplate reader that was preheated to 37 °C. ODg, was measured every 20 minutes. After 16 hours, we
plotted the final ODy, as a function of distance from the initial point of inoculation. Lower values of ODy, at
16 hours would indicate that less nutrients was available to the bacteria (see Supplementary Results for additional
explanation).

Spatial disturbance assays. E. coli containing the circuit*? were grown overnight in LB medium with chlo-
ramphenicol and kanamycin at 37 °C. The following day, a 10-fold dilution series was performed in M9 medium.
CFUs were measured for all dilutions at the beginning of each experiment as previously described*2. 190 uL of
modified M9 medium (pH 7.4 or 7.0 using 100 mM MOPS) with different agar densities (0%, 0.2%, and 0.4%)
with or without 1 mM IPTG was placed into a 96 well plate (REF 25-104; Olympus, San Diego, CA). 10 uL of
each dilution was added to the center of the well. Each well was overlaid with 70 pL mineral oil. For bacteria
grown with the circuit on, 1 mM of IPTG was added and vortexed before it was added the medium containing
IPTG. The plate was then incubated in a PerkinElmer Victor X4 (Waltham, MA) microplate reader at 37 °C for
48hours. The plate was shaken linearly at different frequencies for 10 seconds using a linear pattern with a radius
of 0.1 mm. Shaking was performed on the fast setting, which has a frequency of 4800 mm/min and shakes the
plate along the x-axis (or lengthwise). Measurements were taken at ODy, every 20 minutes for samples shaken
at 3/hr, 6/hr, 9/hr and 12/hr, and every 60 minutes for samples shaken 1/hr. For experiments in the undisturbed
environment, we incubated the plate in the microplate reader and measured ODg, every 20 minutes. However,
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we did not periodically shake the plate (absence of linear shaking) in the microplate reader. Here, to determine
Pegyps we averaged ODy, from bacteria grown in medium with 0%, 0.2% and 0.4% agar. For experiments initiated
using the well-mixed condition, bacteria were resuspendend in M9 medium (containing either 0.2% or 0.4%
agar) and were subsequently added to the wells of the microplate. A minimum of three biological replicates were
performed. 48 hours was previously shown to be sufficient to determine if growth would occur for a given initial
density and that ‘circuit blind’ mutants are unlikely to account for the majority of growth in the system*2. To limit
the formation of biofilms, we used a strain of bacteria (derivative of DH5a) that does not form robust biofilms®.
To determine growth rates, an overnight culture of bacteria was diluted 100-fold (~10° CFU/mL) and was
grown without IPTG as described above. We plotted ODg, as a function of time and determined the area of each
curve that was representative of exponential growth. We fit exponential curves through a region that encom-
passed a change of at least 0.1 OD4o and had a R* > 0.96 (majority > 0.98). We then averaged the slope of these
fitted curves to determine the average growth rate. Growth rate was plotted from three biological replicates.

Microscopy. To estimate the clustering of bacteria in the well, E. coli containing gfp(mut3b) were grown in the
microplate reader as described in “Spatial disturbance assays”. However, the M9 medium contained only chloram-
phenicol and contained 100 ng/mL of anhydrotetracycline (atc) to induce expression of gfp. Bacteria were imaged
at 0, 24 and 48 hours using an Olympus IX73P2F fluorescent microscope at 4X magnification.

The volume of clustered bacteria was estimated using cellSens software. While bacteria were distributed
throughout the height of the well, we chose to quantify bacteria at the bottom of the well, as it was the most relia-
ble plane to image, and could be consistently applied amongst all conditions and images.

For bacteria grown in medium with 0% agar, we first quantified the area (um?) occupied by bacteria. To
accomplish this, we used fifteen squares of the same size to designate regions of interest (ROI). We ensured that
these ROIs were not placed over top of over saturated areas but were otherwise randomly placed on the image.
We used cellSens software to calculate the total surface area (um?) occupied by green fluorescence in these ROIs.
Next, we used this surface area to estimate the total diameter of bacteria in the well by approximating the shape
that the bacteria occupied as a circle. Here, we chose to approximate to a circle, as the shape of the well is cylindri-
cal. Note that, we confirmed that bacteria were present from the center of the well to the edge of the well.

For bacteria grown in medium with 0.2% and 0.4% agar, we measured the circumference of the central cluster
by drawing a line around the periphery using the freehand polyline measurement tool in cellSens software. We
did not explicitly measure any small, organized colonies outside of this area. We used cellSens software to calcu-
late the diameter (um) of the central cluster by approximating its shape as a circle.

Next, we approximated the total volume (um®) occupied by the central cluster using the equation for a cylin-
der. We approximated clustered cells to a cylinder in 0.2% and 0.4% agar, since the central cluster traversed the
height of the well, and was approximated as a circle at the base. We applied the same approximation to cells in 0%
agar for consistency. We note that the bacteria appeared to occupy space in the entire well, and the well shape is
itself cylindrical.

We used the same approach to estimate the total volume at 0, 24 and 48 hours. Note that we could not reliably
image the bacteria in every focal plane. We did not use automated segmentation, as the software could not reliably
identify fluorescent signals in one plane, nor individual bacteria, in our experimental setup. Volumes are calcu-
lated based on a minimum of three biological replicates.

Mathematical Modeling. We modeled our experimental system using three delayed differential equations.
We model the global production of AHL, and the growth of bacteria both inside (P,) and outside (P,) of clusters.

dA

— =6k,(P.+P) — k;A

g~ TR 1)
o 6p—ap)+ pp0 - PPy — 2
dt ’ TR © Y At-T1)+K, )
dP, P,
% (an - op) + up0 - R B) -
dt PR+ 1y A7) 1K, 3)

where P, represents the population density in clusters (normalized to carrying capacity, unitless), P, represents
the population density outside of clusters (normalized to carrying capacity, unitless), A represents AHL (uM), k,
represents the clustering-dependent synthesis rate of AHL (uM/hr), k, represents the degradation rate of AHL
(/hr), 6 represents the AHL production scalar due to bacterial clustering as a function of dispersal (unitless), o
represents the dispersal rate of the bacteria from P, to P, (unitless), 3 represents the dispersal rate of bacteria from
P, to P, (unitless), ;. and p, represent the maximum growth rate of the bacteria inside and outside clusters (/hr),
respectively, 7y represents the killing rate of CcdB (uM/hr), K, represents the half maximal killing ability of CcdB
(uM), and 7 represents the time delay of the activation of gene expression driven by the AHL-LuxR complex (hr).
All simulations were completed in MATLAB (7.11.0 R2010b, The MathWorks Inc., Natick, MA) using the dde23
solver.

To determine Pcg;r from our model, we plotted the highest initial P that does not lead to an increase in total
P over 5000 hours. Parameters for the model are presented in Supplementary Table S3. All simulations were per-
formed for 5000 hours; under these conditions, the steady state has been reached.
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Estimation of §. To estimate bacterial clustering, &, we assumed that § would be a function of the change
in the volume of clustered bacteria normalized by the volume over which the bacterial population is spread.
Previous studies have shown that AHL access depends on both local bacterial density (e.g., refs 9, 53, 63) and
cell-cell proximity (i.e. spread, refs 64-66). As such, ¢ can be estimated as:

e
Sf Sl- (4)

where v;is the final volume occupied by clustered bacteria (juL), v; is the initial volume occupied by clustered
bacteria (uL), s;is the final volume over which the bacteria (clustered and unclustered) were spread (uL), and s; is
the final volume over which the bacteria were spread (uL). Overall, § can be thought of as the change in volume of
the clustered bacteria normalized by the potential spreading volume due to agar density limitations. We chose to
estimate § based on these variables as both the volume of the clusters as well as the spreading boundaries (which
would affect density) capture the spatial components of our system.

We note that although 6 is a simplification of the distinct contributions of each population, it serves to accu-
rately account for a weighted contribution of AHL synthesis. In particular, consider the extreme case where bac-
teria are highly clustered. In this case, § will be sufficiently large, and P, sufficiently small. Thus, contribution
through AHL production will be distributed between the two populations proportional to their respective densi-
ties. In other words, non-clustered bacteria will contribute very little to the overall AHL accumulation. Instead, if
¢ is infinitely small, this implies that either v, > v, ors; > s;. The former is not biologically feasible given the
setup of our system, and thus we focus on the latter case. If s;is sufficiently large, then the bacteria are so far spread
out that AHL production is minimal. This would serve to decrease the overall AHL accumulation of the system,
and as a result, significantly increase Pcy;r. We note that although AHL production on a per cell basis is unlikely
to change with a large s, this simplification accounts for the decrease of the overall AHL production of the popu-
lation, and thus cooperation, due to clustering. Therefore, ¢ is a scalar simplification that accounts for the benefit
of bacterial clustering on survival in our two-dimensional model.

To estimate the qualitative trends in volume occupied by clustered bacteria (v;and v;), we used fluorescent
microscopy to examine the spatial structure of gfp-expressing bacteria grown in our experimental setup (as
described in “Microscopy”). Note that we performed these experiments with bacteria that do not contain the
circuit to determine how shaking, and not the combination of shaking and AHL-mediated survival, affects the
spatial distribution of cells. Coupling the measurement of these two variables would obscure the true contribution
of shaking/dispersal alone in the system. A previous study has demonstrated that cooperation can drive spatial
organization'®. Our measurements may serve to underestimate the degree of clustering in bacteria when the
circuit is activated, but this will not serve to drastically alter the overall trend. Experimentally, we estimated the v;
and vy using cellSens software (see “Microscopy”). Qualitatively similar trends were observed at 24 and 48 hours.

Next, we estimated the change in the total volume over which the bacteria were spread. To simplify this esti-

N
beginning of the experiment (prior to bacterial igpersal in the medium), interactions between the bacteria would
occur over the same volume. We assigned a value of 1.25pL to s;, which is estimated based on the total volume
initially occupied by the bacteria across all conditions (average v;=3.25uL £ 2.00).

Over the course of the experiment, the volume over which bacteria both within and outside of clusters are
spread increases. To estimate s, we averaged v, within each agar density. We then multiplied this value by 1.25 to
account for the volume occupied by bacteria outside of clusters. This value of 1.25 was estimated based on our
microscope images with 0% agar. Here, the average v, across each shaking frequency was 172.6 pL & 14.1.
However, bacteria were spread out across the entire ~200 uL well volume, representing a ~25% increase over the
volume of clustered bacteria. Therefore, we estimated s for this condition as 198.5uL. Using this approach, we
estimated sffor 0.2% agar and 0.4% agar as 13.5 (average v,=11.7 £ 8.9) and 6.1 (average v;= 5.3 £ 4.8), respec-

mation, we estimated and used a single ratio of(gi for each agar density. To estimate s;, we considered that at the

tively. Overall, we find the value of | % | to be ~0.006, ~0.09 and ~0.2 (+-one order of magnitude to account for

N
error in measurements) for media witfh agar densities of 0%, 0.2% and 0.4%, respectively. We could not reliably
measure the entire volume of both clustered and unclustered bacteria as measuring unclustered bacteria in every
focal plane was not possible in our experimental setup. As such, we had to estimate s;as described above.

Using the above estimations of v; v;, s;, and s, we plotted 6 as a function of shaking frequency (Fig. 4E, left
panel). Next, we fit ¢ in our model to this general trend (Fig. 4E, right panel) according to a second order polyno-
mial function § = p,x* + p,x + p;, where x is the logarithmically transformed shaking frequency (consistent with
the x-axis in Fig. 2C). We note that decreasing 6 with increasing shaking does not predict our experimental results
(Supplementary Fig. S3).

The estimation of all other parameters can be found in the Supplementary Results section.

Statistical Analysis. Unless otherwise indicated, we used a student’s two-tailed t-test to calculate p values
(p <0.05). To determine Py, a two-tailed t-test was used to determine if the ODy, values observed at 48 hours
were statistically different from zero. In cases where the ODy, value was less than 0.01, the value was set to zero
as this is below the detectability level of our instrument and likely represents minor differences in background
readings. This assumption has been used in previous studies to carry out similar analyses*2. Pcg; was reported as
the highest initial density where the ODg, value at 48 hours was not statistically different than zero. To determine
if growth rates were different in the various shaking frequencies, a two-tailed t-test was performed between the
slopes as calculated above.

SCIENTIFICREPORTS |7:440 | DOI:10.1038/s41598-017-00588-9 11


http://S3

www.nature.com/scientificreports/

References

1.

2

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Redfield, R. . Is quorum sensing a side effect of diffusion sensing? Trends in Microbiology 10, 365-370, doi:http://dx.doi.org/10.1016/
$0966-842X(02)02400-9 (2002).

. Waters, C. M. & Bassler, B. L. Quorum sensing: cell-to-cell communication in bacteria. Annual Review of Cell and Developmental

Biology 21, 319-346, doi:10.1146/annurev.cellbio.21.012704.131001 (2005).
Steidle, A. et al. Visualization of N-acylhomoserine lactone-mediated cell-cell communication between bacteria colonizing the
tomato rhizosphere. Applied and Environmental Microbiology 67, 5761-5770, doi:10.1128/aem.67.12.5761-5770.2001 (2001).

. Zhu, J. et al. Quorum-sensing regulators control virulence gene expression in Vibrio cholerae. Proceedings of the National Academy

of Sciences USA 99, 3129-3134, doi:10.1073/pnas.052694299 (2002).

. Schmid-Hempel, P. & Frank, S. A. Pathogenesis, virulence, and infective dose. PLoS Pathogens 3, e147, doi:10.1371/journal.
ppat.0030147 (2007).
. Lee, H. H., Molla, M. N, Cantor, C. R. & Collins, J. J. Bacterial charity work leads to population-wide resistance. Nature 467, 8285,

doi:http://www.nature.com/nature/journal/v467/n7311/abs/nature09354.html - supplementary-information (2010).

. Visick, K. L., Foster, J., Doino, J., McFall-Ngai, M. & Ruby, E. G. Vibrio fischeri lux genes play an important role in colonization and

development of the host light organ. Journal of Bacteriology 182, 4578-4586, doi:10.1128/jb.182.16.4578-4586.2000 (2000).

. Miller, M. B. & Bassler, B. L. Quorum sensing in bacteria. Annual Review of Microbiology 55, 165-199, doi:10.1146/annurev.

micro.55.1.165 (2001).

. Hense, B. A. & Schuster, M. Core principles of bacterial autoinducer systems. Microbiology and Molecular Biology Reviews 79,

153-169, doi:10.1128/mmbr.00024-14 (2015).

Doebeli, M. & Knowlton, N. The evolution of interspecific mutualisms. Proceedings of the National Academy of Sciences USA 95,
8676-8680 (1998).

Connell, J. L., Kim, J., Shear, J. B, Bard, A. ]. & Whiteley, M. Real-time monitoring of quorum sensing in 3D-printed bacterial
aggregates using scanning electrochemical microscopy. Proceedings of the National Academy of Sciences USA 111 (2014).

Julou, T. et al. Cell-cell contacts confine public goods diftusion inside Pseudomonas aeruginosa clonal microcolonies. Proceedings of
the National Academy of Sciences USA 110, 12577-12582, d0i:10.1073/pnas.1301428110 (2013).

Hol, . J. H. et al. Spatial structure facilitates cooperation in a social dilemma: empirical evidence from a bacterial community. PLoS
One 8, €77042, doi:10.1371/journal.pone.0077042 (2013).

Kummerli, R., Griffin, A. S., West, S. A., Buckling, A. & Harrison, F. Viscous medium promotes cooperation in the pathogenic
bacterium Pseudomonas aeruginosa. Proceedings of the Royal Society of London B: Biological Sciences 276, 3531-3538 (2009).
Hauert, C. & Doebeli, M. Spatial structure often inhibits the evolution of cooperation in the snowdrift game. Nature 428, 643-646,
doi:http://www.nature.com/nature/journal/v428/n6983/suppinfo/nature02360_S1.html (2004).

Verbruggen, E. et al. Spatial structure and interspecific cooperation: theory and an empirical test using the mycorrhizal mutualism.
The American Naturalist 179, E133-E146, doi:10.1086/665032 (2012).

Doebeli, M. & Hauert, C. Models of cooperation based on the Prisoner’s Dilemma and the Snowdrift game. Ecology Letters 8,
748-766 (2005).

Ratzke, C. & Gore, J. Self-organized patchiness facilitates survival in a cooperatively growing Bacillus subtilis population. Nature
Microbiology, 16022 (2016).

Nadell, C. D., Drescher, K. & Foster, K. R. Spatial structure, cooperation and competition in biofilms. Nature Reviews Microbiology
(2016).

Brockhurst, M. A., Buckling, A. & Gardner, A. Cooperation peaks at intermediate disturbance. Current Biology 17, 761-765,
doi:http://dx.doi.org/10.1016/j.cub.2007.02.057 (2007).

Allee, W. C. Cooperation Among Animals with Human Implications (Schuman, 1951).

Wells, H., Strauss, E. G., Rutter, M. A. & Wells, P. H. Mate location, population growth and species extinction. Biological Conservation
86, 317-324, doi:10.1016/s0006-3207(98)00032-9 (1998).

Johnson, D. M., Liebhold, A. M., Tobin, P. C. & Bjornstad, O. N. Allee effects and pulsed invasion by the gypsy moth. Nature 444,
361-363, doi:http://www.nature.com/nature/journal/v444/n7117/suppinfo/nature05242_S1.html (2006).

Treydte, A. C. et al. In search of the optimal management strategy for Arabian oryx. Animal Conservation 4, 239-249, doi:10.1017/
$1367943001001287 (2001).

Ji, G., Beavis, R. C. & Novick, R. P. Cell density control of staphylococcal virulence mediated by an octapeptide pheromone.
Proceedings of the National Academy of Sciences 92, 12055-12059 (1995).

Shih, P.-C. & Huang, C.-T. Effects of quorum-sensing deficiency on Pseudomonas aeruginosa biofilm formation and antibiotic
resistance. Journal of Antimicrobial Chemotherapy 49, 309-314, doi:10.1093/jac/49.2.309 (2002).

Tan, C. et al. The inoculum effect and band-pass bacterial response to periodic antibiotic treatment. Molecular Systems Biology 8,
617, d0i:10.1038/msb.2012.49 (2012).

Shade, A. et al. Fundamentals of microbial community resistance and resilience. Frontiers in Microbiology 3, 417, doi:10.3389/
fmicb.2012.00417 (2012).

Degens, B. P, Schipper, L. A, Sparling, G. P. & Duncan, L. C. Is the microbial community in a soil with reduced catabolic diversity
less resistant to stress or disturbance? Soil Biology and Biochemistry 33, 1143-1153, doi:http://dx.doi.org/10.1016/S0038-
0717(01)00018-9 (2001).

Steinle, L. et al. Water column methanotrophy controlled by a rapid oceanographic switch. Nature Geoscience 8, 378-382,
doi:10.1038/nge02420 http://www.nature.com/ngeo/journal/v8/n5/abs/nge02420.html - supplementary-information (2015).
Relman, D. A. The human microbiome: ecosystem resilience and health. Nutrition Reviews 70, S2 (2012).

Berga, M., Székely, A. J. & Langenheder, S. Effects of disturbance intensity and frequency on bacterial community composition and
function. PLoS One 7, €36959 (2012).

Pascual, M. & Guichard, F. Criticality and disturbance in spatial ecological systems. Trends in Ecology and Evolution 20, 88-95
(2005).

Turner, M. G. Landscape ecology: the effect of pattern on process. Annual Review of Ecology and Systematics 20, 171-197 (1989).
LaSarre, B. & Federle, M. J. Exploiting quorum sensing to confuse bacterial pathogens. Microbiology and Molecular Biology Reviews
77,73-111 (2013).

Lopatkin, A. J. et al. Antibiotics as a selective driver for conjugation dynamics. Nature Microbiology, 16044, doi:10.1038/
nmicrobiol.2016.44 http://www.nature.com/articles/nmicrobiol201644 - supplementary-information (2016).

Tanouchi, Y., Smith, R. & You, L. Engineering microbial systems to explore ecological and evolutionary dynamics. Current Opinion
in Biotechnology 23,791-797 (2012).

Chuang, J. S., Rivoire, O. & Leibler, S. Simpson’s paradox in a synthetic microbial system. Science 323, 272-275, doi:10.1126/
science.1166739 (2009).

Shou, W,, Ram, S. & Vilar, J. M. G. Synthetic cooperation in engineered yeast populations. Proceedings of the National Academy of
Sciences USA 104, 1877-1882, d0i:10.1073/pnas.0610575104 (2007).

Dressler, M. D. et al. Synthetically engineered microbes reveal interesting principles of cooperation. Frontiers of Chemical Science
and Engineering, 1-12, d0i:10.1007/s11705-016-1605-z (2016).

Pai, A., Tanouchi, Y. & You, L. Optimality and robustness in quorum sensing (QS)-mediated regulation of a costly public good
enzyme. Proceedings of the National Academy of Sciences USA 109, 19810-19815, doi:10.1073/pnas.1211072109 (2012).

SCIENTIFICREPORTS |7:440 | DOI:10.1038/s41598-017-00588-9 12


http://dx.doi.org/10.1146/annurev.cellbio.21.012704.131001
http://dx.doi.org/10.1128/aem.67.12.5761-5770.2001
http://dx.doi.org/10.1073/pnas.052694299
http://dx.doi.org/10.1371/journal.ppat.0030147
http://dx.doi.org/10.1371/journal.ppat.0030147
http://dx.doi.org/10.1128/jb.182.16.4578-4586.2000
http://dx.doi.org/10.1146/annurev.micro.55.1.165
http://dx.doi.org/10.1146/annurev.micro.55.1.165
http://dx.doi.org/10.1128/mmbr.00024-14
http://dx.doi.org/10.1073/pnas.1301428110
http://dx.doi.org/10.1371/journal.pone.0077042
http://dx.doi.org/10.1086/665032
http://dx.doi.org/10.1016/s0006-3207(98)00032-9
http://dx.doi.org/10.1017/S1367943001001287
http://dx.doi.org/10.1017/S1367943001001287
http://dx.doi.org/10.1093/jac/49.2.309
http://dx.doi.org/10.1038/msb.2012.49
http://dx.doi.org/10.3389/fmicb.2012.00417
http://dx.doi.org/10.3389/fmicb.2012.00417
http://dx.doi.org/10.1038/ngeo2420
http://www.nature.com/ngeo/journal/v8/n5/abs/ngeo2420.html
http://dx.doi.org/10.1038/nmicrobiol.2016.44
http://dx.doi.org/10.1038/nmicrobiol.2016.44
http://www.nature.com/articles/nmicrobiol201644
http://dx.doi.org/10.1126/science.1166739
http://dx.doi.org/10.1126/science.1166739
http://dx.doi.org/10.1073/pnas.0610575104
http://dx.doi.org/10.1007/s11705-016-1605-z
http://dx.doi.org/10.1073/pnas.1211072109

www.nature.com/scientificreports/

42. Smith, R. et al. Programmed Allee effect results in a tradeoff between population spread and survival. Proceedings of the National
Academy of Science USA 111, 1969-1974 (2014).

43. Zhang, F, Kwan, A., Xu, A. & Siiel, G. M. A synthetic quorum sensing system reveals a potential private benefit for public good
production in a biofilm. PLoS One 10, e0132948 (2015).

44. Dao-Thi, M.-H. et al. Molecular basis of gyrase poisoning by the addiction toxin CcdB. Journal of Molecular Biology 348, 1091-1102
(2005).

45. Chen, L. et al. Two-dimensionality of yeast colony expansion accompanied by pattern formation. PLoS Computational Biology 10,
€1003979 (2014).

46. Lake, P. Disturbance, patchiness, and diversity in streams. Journal of the North American Benthological Society 19, 573-592 (2000).

47. White, P. S., and Pickett, S. T. A. Natural Disturbance and Patch Dynamics. An Introduction in the Ecology of Natural Disturbance and
Patch Dynamics (Academic Press, 1985).

48. Paine, R. T,, Tegner, M. J. & Johnson, E. A. Compounded perturbations yield ecological surprises. Ecosystems 1, 535-545 (1998).

49. Rykiel, E. J. Towards a definition of ecological disturbance. Australian Journal of Ecology 10, 361-365 (1985).

50. Ward, J. & Stanford, J. Intermediate-Disturbance Hypothesis: An Explanation for Biotic Diversity Patterns in Lotic Ecosystems.
Dynamics of Lotic Systems (Ann Arbor Science, 1983).

51. Roxburgh, S. H., Shea, K. & Wilson, J. B. The intermediate disturbance hypothesis: patch dynamics and mechanisms of species
coexistence. Ecology 85, 359-371 (2004).

52. Shea, K., Roxburgh, S. H. & Rauschert, E. S. J. Moving from pattern to process: coexistence mechanisms under intermediate
disturbance regimes. Ecology Letters 7, 491-508, doi:10.1111/j.1461-0248.2004.00600.x (2004).

53. Hense, B. A., Miiller, J., Kuttler, C. & Hartmann, A. Spatial heterogeneity of autoinducer regulation systems. Sensors 12, 4156-4171
(2012).

54. Pimm, S. L. The complexity and stability of ecosystems. Nature 307, 321-326 (1984).

55. Allison, S. D. & Martiny, J. B. Resistance, resilience, and redundancy in microbial communities. Proceedings of the National Academy
of Sciences USA 105, 11512-11519 (2008).

56. Diggle, S. P, Griffin, A. S., Campbell, G. S. & West, S. A. Cooperation and conflict in quorum-sensing bacterial populations. Nature
450, 411-414, doi:http://www.nature.com/nature/journal/v450/n7168/suppinfo/nature06279_S1.html (2007).

57. Brockhurst, M. A., Habets, M. G., Libberton, B., Buckling, A. & Gardner, A. Ecological drivers of the evolution of public-goods
cooperation in bacteria. Ecology 91, 334-340 (2010).

58. Nayar, V., Weiland, J., Nelson, C. & Hodge, A. Elastic and viscoelastic characterization of agar. Journal of the Mechanical Behavior of
Biomedical Materials 7, 60-68 (2012).

59. Song, H., Payne, S., Gray, M. & You, L. Spatiotemporal modulation of biodiversity in a synthetic chemical-mediated ecosystem.
Nature Chemical Biology 5, 929-935, doi:http://www.nature.com/nchembio/journal/v5/n12/suppinfo/nchembio.244_S1.html
(2009).

60. Cormack, B. P, Valdivia, R. H. & Falkow, S. FACS-optimized mutants of the green fluorescent protein (GFP). Gene 173, 33-38,
doi:http://dx.doi.org/10.1016/0378-1119(95)00685-0 (1996).

61. Lutz, R. & Bujard, H. Independent and tight regulation of transcriptional units in Escherichia coli via the lacR/O, the tetR/O and
araC/I1-12 regulatory elements. Nucleic Acids Research 25, 1203-1210, doi:10.1093/nar/25.6.1203 (1997).

62. Wood, T. K., Barrios, A. F. G., Herzberg, M. & Lee, ]. Motility influences biofilm architecture in Escherichia coli. Applied Microbiology
and Biotechnology 72, 361-367 (2006).

63. Hense, B. A, Kuttler, C. & Muller, J. The Physical Basis of Bacterial Quorum Communication Biological and Medical Physics,
Biomedical Engineering (Springer, 2015).

64. Gantner, S. et al. In situ quantitation of the spatial scale of calling distances and population density-independent N-acylhomoserine
lactone-mediated communication by rhizobacteria colonized on plant roots. FEMS Microbiology Ecology 56, 188-194 (2006).

65. Alberghini, S. et al. Consequences of relative cellular positioning on quorum sensing and bacterial cell-to-cell communication.
FEMS Microbiology Letters 292, 149-161 (2009).

66. Dilanji, G. E., Langebrake, ]. B., De Leenheer, P. & Hagen, S. J. Quorum activation at a distance: spatiotemporal patterns of gene
regulation from diffusion of an autoinducer signal. Journal of the American Chemical Society 134, 5618-5626 (2012).

Acknowledgements

This research is supported by a President’s Faculty Research and Development Grant #335318 through Nova
Southeastern University and an HBCU/MI Equipment/Instrumentation Grant from the Department of Defense/
Army Research Office (W911NF-14-1-0070). We would like to thank Cheemeng Tan, Yu Tanouchi and Jaydeep
Srimani for their critical evaluations and comments on the manuscript.

Author Contributions

C.E.W. and R.PS. designed and performed research, contributed reagents and wrote the manuscript with critical
input from J.V.L. AJ.L,, T.J.A.C. and R.PS. performed modeling. A.J.L. assisted writing the manuscript. O.T.E. and
W.W.D. assisted interpreting data and writing the manuscript. All authors approve of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00588-9

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
G o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS |7:440 | DOI:10.1038/s41598-017-00588-9 13


http://dx.doi.org/10.1111/j.1461-0248.2004.00600.x
http://dx.doi.org/10.1093/nar/25.6.1203
http://dx.doi.org/10.1038/s41598-017-00588-9
http://creativecommons.org/licenses/by/4.0/

	Nova Southeastern University
	NSUWorks
	3-27-2017

	Cooperation and Competition Shape Ecological Resistance During Periodic Spatial Disturbance of Engineered Bacteria
	Cortney E. Wilson
	Allison J. Lopatkin
	Travis J. A. Craddock
	William W. Driscoll
	Omar T. Eldakar
	See next page for additional authors
	NSUWorks Citation
	Authors


	Cooperation and competition shape ecological resistance during periodic spatial disturbance of engineered bacteria

	Results

	An experimental approach to study the effects of periodic spatial disturbance on cooperation. 
	Access to nutrients and autoinducer determine population survival during periodic spatial disturbance. 
	Stabilizing autoinducer leads to tradeoffs between maintaining ecological resistance and enhancing cooperation. 

	Discussion

	Methods

	Strains and Growth Conditions. 
	Dispersal Rate of Bacteria. 
	Distance Travelled due to Shaking. 
	Measuring nutrients in medium with 0% and 0.4% agar. 
	Spatial disturbance assays. 
	Microscopy. 
	Mathematical Modeling. 
	Estimation of δ. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 The engineered bacteria used in this study.
	Figure 2 Quantifying the movement of gfp-expressing bacteria during linear shaking.
	Figure 3 Periodic shaking of gfp-expressing bacteria in a microplate reader alters their spatial distribution.
	Figure 4 Access to AHL and access to nutrients determines PCRIT during periodic spatial disturbance.
	Figure 5 Increasing access to AHL perturbs the ability of bacteria to resist periodic spatial disturbance.
	Figure 6 Decreasing access to AHL can increase resistance but reduces cooperation.


