Received: 27 June 2021 | Revised: 24 October 2021

Accepted: 21 February 2022

DOI: 10.1111/jeb.14001

RESEARCH ARTICLE

JournaL of Evolutionary Biology

Enforced specialization fosters mutual cheating and not
division of labour in the bacterium Pseudomonas aeruginosa

Subham Mridha

Department of Quantitative Biomedicine,
University of Zurich, Zurich, Switzerland

Correspondence

Subham Mridha, Department of
Quantitative Biomedicine, University of
Zurich, Winterthurerstrasse 190, 8057
Zurich, Switzerland.

Email: subhammridha@yahoo.com

Funding information
H2020 European Research Council,
Grant/Award Number: 681295

| Rolf Kiimmerli

Abstract

A common way for bacteria to cooperate is via the secretion of beneficial public goods
(proteases, siderophores, biosurfactants) that can be shared amongst individuals in a
group. Bacteria often simultaneously deploy multiple public goods with complemen-
tary functions. This raises the question whether natural selection could favour divi-
sion of labour where subpopulations or species specialize in the production of a single
public good, whilst sharing the complementary goods at the group level. Here we
use an experimental system, where we mix engineered specialists of the bacterium
Pseudomonas aeruginosa that can each only produce one of the two siderophores,
pyochelin or pyoverdine and explore the conditions under which specialization can
lead to division of labour. When growing pyochelin and pyoverdine specialists at dif-
ferent mixing ratios under different levels of iron limitation, we found that specialists
could only successfully complement each other in environments with moderate iron
limitation and grow as good as the generalist wildtype but not better. Under more
stringent iron limitation, the dynamics in specialist communities was characterized
by mutual cheating and with higher proportions of pyochelin producers greatly com-
promising group productivity. Nonetheless, specialist communities remained stable
through negative frequency-dependent selection. Our work shows that specializa-
tion in a bacterial community can be spurred by cheating and does not necessarily
result in beneficial division of labour. We propose that natural selection might favour
fine-tuned regulatory mechanisms in generalists over division of labour because the
former enables generalists to remain flexible and adequately adjust public good in-

vestments in fluctuating environments.

KEYWORDS
bacterial communities, iron availability, negative frequency-dependent fitness, public goods,
regulatory networks, siderophores

1 | INTRODUCTION Szathmary & Smith, 1995). At all levels of biological organization,

division of labour underlies specialization, whereby a generalist en-

Division of labour is a defining feature of major transitions in evo- tity transits to multiple specialist entities, performing complemen-

lution (Bourke, 2011; Ispolatov et al., 2012; Rueffler et al., 2012;
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Journal of Evolutionary Biology published by John Wiley & Sons Ltd on behalf of European Society for Evolutionary Biology.

tary tasks. Examples include the transition from (i) generalist cells
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to specialized soma and germlines in multicellular organisms and (ii)
generalist individuals to specialized castes in eusocial insect societ-
ies (Bourke, 2011; Cooper & West, 2018). Division of labour entails
that specialized individuals (or entities) perform cooperative tasks
that benefit others in the group and that specialization leads to an
inclusive fitness benefit to all individuals (West & Cooper, 2016).
Consequently, division of labour is more likely to evolve and remain
stable when the interests of the specialized individuals are aligned,
which is typically the case when relatedness is high and the traits
individuals specialize on are essential for survival and reproduction
(Fisher et al., 2013; West & Cooper, 2016).

Despite this clear conceptual framework, it is often difficult to
experimentally demonstrate that a particular form of specialization
constitutes division of labour. Due to their high amenability, bacte-
rial (and other microbial) systems have become popular models to
test basic theory and to experimentally investigate division of labour
and the underlying evolutionary forces (Ackermann et al., 2008;
Armbruster et al., 2020; Dragos, Kiesewalter et al., 2018; Dragos,
Martin et al., 2018; van Gestel et al., 2015; Giriet al., 2019; Kim et al.,
2016; West & Cooper, 2016; Yanni et al., 2020). Bacteria are social
organisms, and the most common form of cooperation involves
the secretion of beneficial compounds that can be shared as public
goods (West et al., 2007). For example, bacteria secrete enzymes to
digest extra-cellular polymers and proteins, quorum-sensing mole-
cules for communication, biosurfactants to enable swarming on wet
surfaces and siderophores to scavenge iron (Drescher et al., 2014;
Kramer et al., 2020; Roman et al., 2017; Yan et al., 2019). Because
multiple public goods might be required at the same time, a key
question is whether bacterial populations can segregate into sub-
populations, each specializing in one of the public goods and mutu-
ally sharing the beneficial compounds at the population level (Frank,
2013; Schiessl et al., 2019; West & Cooper, 2016). Indeed, the evo-
lution of such division of labour has been described in several labo-
ratory systems. For example, Bacillus subtilis populations segregate
in biosurfactant-producing and matrix-producing cell types, which
synergistically interact to enable sliding motility (van Gestel et al.,
2015). Similarly, populations of Pseudomonas fluorescens rapidly seg-
regate into two cell types, one producing a lubricant at the front of
the colony and the other one pushing cells forward (Kim et al., 2016).
Other studies enforced specialization through genetic engineer-
ing to study its fitness consequences. In Bacillus subtilis, enforced
specialization between two strains producing either the structural
protein TasA or the exopolysaccharide EPS lead to stable division of
labour that outperformed the generalist wildtype in forming pellicle
biofilms (Dragos, Kiesewalter et al., 2018). Another study showed
that a poor-performing engineered cross-feeding system between
two Escherichia coli strains evolved into a productive, mutually ben-
eficial division of labour during experimental evolution (Preussger
et al., 2020).

In contrast to these positive results, there are also examples
where division of labour was either not stable or did not evolve
(Dragos, Martin et al., 2018; Schiessl et al., 2019). For example, a fol-
low-up study on the TasA vs. EPS specialization in B. subtilis showed

that division of labour collapsed through the evolutionary reversion
to an autonomous lifestyle (Dragos, Martin et al., 2018). Moreover,
a comparative study on hundreds of Pseudomonas isolates from
natural pond and soil communities revealed high variation in public
goods production amongst isolates, but little evidence for specializa-
tion and division of labour (Kramer et al., 2020;). Finally, a common
phenomenon linked to public goods production is cheating, where
mutants stop contributing to public goods production, yet exploit
the public goods produced by others (Ozkaya et al., 2017; Smith &
Schuster, 2019). Co-operators and cheaters often co-exist in popu-
lations, which reflects a form of specialization (Driscoll et al., 2011;
Maclean et al., 2010), but does often not represent division of labour
because cheaters typically compromise group productivity (West &
Cooper, 2016). The conditions that tip the balance in favour of divi-
sion of labour as opposed to cheating are often unclear, but likely
involve intrinsic (genetic architecture) and extrinsic (environmental)
factors, determining the costs and benefits of specialization.

In our study, we tackle this issue by using a model system where
we experimentally enforce specialization between two bacterial
strains and measure its fitness consequences across a range of envi-
ronmental conditions. Specifically, we worked with two engineered
mutants of the bacterium Pseudomonas aeruginosa, each specialized
in the production of one of its two siderophores, pyoverdine or
pyochelin (Schalk et al., 2020; Serino et al., 1997; Visca et al., 2007;
Youard et al., 2011). Siderophores are produced in response to iron
limitation, to scavenge this essential nutrient from the environment
(Kramer et al., 2020; Kramer et al., 2020). Both pyoverdine and pyo-
chelin can be public goods and shared between cells (Ross-Gillespie
et al., 2015) and although they are simultaneously produced, they
take on slightly different functions (Dumas et al., 2013). Due to its
relatively low iron affinity, pyochelin is primarily beneficial and in-
creasingly produced under moderate iron limitation, whilst pyover-
dine has a very high iron affinity and is more relevant and produced
in high amounts under severe iron limitation (Dumas et al., 2013;
Mridha & Kiimmerli, 2021; Ross-Gillespie et al., 2015).

Using this experimental system, we tested whether enforced
specialization alleviates the metabolic burden associated with the
simultaneous production of both siderophores (intrinsic factor),
whilst the benefits of the two molecules can still accrue to all indi-
viduals through molecule sharing at the population level. To this end,
we mixed the pyochelin and pyoverdine specialists across a range
of mixing ratios and compared the growth of the entire population
relative to the fitness of the generalist wildtype strain producing
both siderophores. If the two strains engage in division of labour,
we expect population growth to be higher for specialized mixes than
for generalist cultures. Conversely, if the two specialists engage in
mutual cheating, then we expect population growth of mixed cul-
tures to be compromised relative to generalist cultures. Moreover,
we tested whether extrinsic environmental factors influence the
propensity of specialization leading to division of labour or mutual
cheating by manipulating the iron availability in the medium. We pre-
dict that the potential for division of labour is highest at intermedi-
ate iron availability where both siderophores are beneficial, whereas
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division of labour should not occur under high iron availability (where
siderophores are no longer required) and is less likely to occur under
severe iron limitation, as pyochelin is less useful. Finally, we explored
whether the two specialists can co-exist or whether one type drives
the other one to extinction. For this purpose, we calculate the rela-
tive fitness of the two strains in co-culture across a range of mixing
ratios. Co-existence would result in negative frequency-dependent
fitness patterns, where both specialists win the competition when
initially rare in the population and consequently settle at an equilib-

rium frequency.

2 | MATERIALS AND METHODS

2.1 | Bacterial strains

We used P. aeruginosa PAO1 (ATCC 15692) as our wildtype strain,
which produces the siderophores pyoverdine and pyochelin.
Additionally, we used its reporter variants where either a green
(gfpmut3) or a red (mcherry) fluorescent gene was chromosomally
integrated into the wildtype genetic background. For simplicity of
nomenclature, the green fluorescent gene gfpmut3 will be hence-
forth referred to as gfp. To investigate the effect of individual si-
derophores on growth, we used the deletion mutants producing
only a single siderophore in the PAO1 strain background, namely, (1)
PAO1ApvdD: a strain only producing pyochelin as the gene coding
for the pyoverdine synthetase PvdD is deleted, and (2) PAO1ApchEF:
a strain only producing pyoverdine as the gene coding for the pyo-
chelin synthetases PchE and PchF are deleted. To determine the
frequency of the two specialist siderophore producers in mixed
cultures, we used the following variants with chromosomally inte-
grated reporters (same genes as described for the wildtype above):
(a) PAO1ApvdD::gfp, (b) PAO1ApvdD::mcherry, (c) PAO1ApchEF::gfp,
(d) PAO1ApchEF::mcherry. All reporter constructs were integrated at
the attTn7 site using the mini-Tn7 system (Choi & Schweizer, 2006).

2.2 | Growth conditions

Prior to experiments, we prepared overnight cultures from -80°C
stocks, in 8ml Lysogeny broth (LB) in 50ml tubes, incubated at 37°C
and 220 rpm for approximately 18 h. Cells were harvested by cen-
trifugation (8000 rpm for 2 min), subsequently washed in 0.8%
saline and adjusted to OD,,,=1 (optical density at 600 nm). The har-
vested cells were grown in CAA medium (5 g casamino acids, 1.18g
K,HPO,*3H,0, 0.25g MgSO,*7H,0, per litre), buffered at physi-
ological pH by the addition of 25mM HEPES. To induce a gradient
of iron limitation, we used either plain CAA or CAA supplemented
with 100 and 300 pM of the synthetic iron chelator 2-2"-bipyridyl.
2-2'-bipyridyl is a strong iron chelator that limits the availability of
free iron in the medium. Iron limitation induces the bacteria to pro-
duce siderophores that compete with 2-2"-bipyridyl for access to
iron. We further created an iron-replete condition by supplementing
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CAA with 100 uM FeCl,. All chemicals were purchased from Sigma
Aldrich (Buchs SG, Switzerland).

2.3 | Productivity of specialist and
wildtype cultures

We first investigated whether mixtures of the two specialized si-
derophore producing strains grow better or worse than the gen-
eralist wildtype strain producing both siderophores. We mixed the
strains PAO1ApvdD::gfp producing only pyochelin and the strain
PAO1ApchEF::mcherry producing only pyoverdine at different start-
ing frequencies in all the four media, differing in their iron availability.
We used the following pyochelin:pyoverdine specialist mixing ratios
(in %): 100:0, 95:5, 75:25, 50:50, 25:75, 5:95, 0:100, whereby 100%
means specialist monocultures. We quantified the growth of these
mixed and monocultures in parallel to the wildtype PAO1 mono-
culture. Experiments were carried out in 200ul medium distributed
on a 96-well plate. Bacteria were inoculated at a starting density of
OD,,, =0.0001 and incubated at 37°C for 24 h in a multimode plate
reader (Tecan, Mannedorf, Switzerland). Cultures were shaken every
15 min for 15 s before measuring growth (OD,,). We applied blank
subtractions to account for the optical density of the media. As we
aimed to analyse the entire growth kinetics of bacteria for all mixes
and growth conditions, we were limited to processing 96 samples
at a time. Consequently, we had to split up the work into multiple
experimental blocks. We had four experimental blocks, each featur-
ing two (monocultures) or three (mixes) independent replicates for
all strain combinations and media conditions. Overall, this resulted
in eight (monocultures) and twelve (mixes) independent replicates
per strain combination and media condition. Comparisons revealed
qualitatively consistent results across experimental blocks, such that
we pooled data for statistical analysis.

We used the OD,,, as a proxy for bacterial biomass and con-
sidered the growth integral (area under the bacterial growth curve)
over 24 h as a measure of productivity. Because we were interested
in the relative performance of mixed- and monocultures of special-
ists compared to the wildtype, we divided the growth integral of the
specialist cultures by the growth integral of the wildtype monocul-
ture for the respective media condition. Values of productivity >1 or
productivity <1 indicate that specialist cultures perform better or
worse than wildtype cultures respectively.

2.4 | Measuring strain frequency with
flow cytometry

For all mixed cultures of specialists, we measured the frequency of
the fluorescence-tagged strains PAO1ApvdD::gfp producing only
pyochelin and PAO1ApchEF::mcherry producing only pyoverdine be-
fore and after the growth experiments described above. Frequencies
were measured with the LSRII Fortessa cell analyser (BD Biosciences,
Allschwil, Switzerland) at the Flow Cytometry Facility of the University
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of Zurich. The GFP tagged cells (pyochelin producers) were recorded
in the FITC channel (excitation = 495 nm, emission = 519 nm) using a
blue laser at 488 nm and 530/30 bandpass filter. The mCherry tagged
cells (pyoverdine producers) were recorded in the PE-Texas Red chan-
nel (excitation = 566 nm, emission = 616 nm) using the yellow-green
laser at 561 nm and 610/20 bandpass filter. The Cytometry Setup and
Tracking, settings of the instrument were used and the threshold for
bacterial cell detection was set to 200V (lowest value possible).
Bacterial mixes at the start of the experiment were diluted in ster-
ile 1x phosphate buffer saline (PBS; Gibco, Thermo Fisher, Zurich,
Switzerland) and 50,000 events were recorded at a low flow rate in
the flow cytometer, yielding the initial (t;) frequency of the two sid-
erophore specialists. After the 24 h growth cycle in the plate reader
(see section above), we processed the bacterial cultures to quantify
the frequencies of fluorescently tagged specialists after competition
(t,,). We diluted the cultures in a 96-well plate, with 1x PBS depending
on the endpoint optical density obtained from the plate reader. Then
we recorded 50,000 events from 10 pl of these diluted cultures using
a high-throughput sampler device (BD Bioscience) at a low flow rate.
To analyse the flow cytometry data, we used the software
FlowJo (BD Biosciences, Ashland, USA). We followed a three-step
gating strategy (Figure S1): (a) we separated bacterial cells from de-
bris and background noise based on the forward (area) and side scat-
ter (granularity) values typical for bacterial cells. (b) Within that cell
cluster we imposed the PE-Texas Red-H and forward scatter gates to
distinguish between mCherry positive (pyoverdine producers) and
negative cells. (c) Within the mCherry negative cell cluster, we then
imposed the FITC-H and forward scatter gates to determine the
GFP positive (pyochelin producers) cells. This stratified gating strat-
egy enabled us to eliminate debris, noise and dead cells from our
analysis. We used the following three controls: (i) sterile 1x PBS to
quantify the background noise of the medium; (ii) the untagged wild-
type strain monoculture as a negative control to determine the gat-
ing threshold for non-fluorescent cells; (iii) the fluorescently tagged
monocultures of specialists and the wildtype PAO1 strains as posi-
tive controls to determine the gating threshold for fluorescent cells.

2.5 | Relative fitness measurement

With the initial (t,) and final (t,,) frequencies of the siderophore spe-
cialists, we calculated the relative fitness (v) of the pyochelin pro-
ducer (PAO1ApvdD::gfp) following Ross-Gillespie et al., 2007.

ve [at24 X (1 —C’to)]

[atO x (11— at24)]

Here a4 and a,,, are the frequencies of the pyochelin producer
at the beginning and the end of the experiment respectively. We
subsequently log-transformed the relative fitness values. Values of
In(v) > 0 or In(v) < O indicate whether the frequency of the pyochelin
producer increased (i.e. won the competition) or decreased (i.e. lost
the competition) relative to the pyoverdine producer.

We conducted a control experiment to test whether the two dif-
ferent fluorescent reporters affect strain fitness due to the implied
metabolic costs. For this we competed identical strains of specialized
siderophore producers against each other that only differin their fluo-
rescent reporters (i.e. PAO1ApvdD::gfp versus PAO1ApvdD::mcherry
and PAO1ApchEF::gfp versus PAO1ApchEF::mcherry). We mixed
both strain pairs in a 1:1 ratio and subjected them to the same four
media conditions (differing in their level of iron limitation) as in the
main experiments. We observed that strains expressing GFP expe-
rienced a fitness advantage (Figure S2). This fitness advantage was
relatively minor in iron-rich medium, yet gradually increased with
more stringent iron limitations. To correct for this marker-based fit-
ness bias, we calculated the average relative fitness of both GFP ex-
pressing strains in the control experiment for each media condition
separately (Figure S2, Table S1) and subtracted these values from the
respective relative fitness values of PAO1ApvdD::gfp in our main ex-
periment, where this strain competed against PAO1ApchEF::mcherry.

2.6 | Expected frequency estimation

If strains in mixtures do not socially interact then we expect that their
fitness is determined by their intrinsic growth rates shown in mono-
cultures. In contrast, if there are social interactions between strains—
for example, through the exchange of siderophores—then we expect
that their relative fitness in mixtures significantly deviates from the
relative fitness predicted from their intrinsic growth rates in monocul-
tures. To estimate the expected frequency of strains in the absence of
social interactions, we applied the procedure by Sathe & Kimmerli,
2020. In brief, we used the growth kinetic data of the monocultures
PAO1ApvdD::gfp and PAO1ApchEF::mcherry to fit parametric growth
curves (Gompertz function yielding the best fit). From these curve fits,
we extracted the maximal growth rate p and estimated the time strains
spent in the exponential phase o The starting point is defined by
the end of the lag phase (from the model fit), whilst the end point is
defined by the entry to the stationary phase (upon visual inspection
of the model fits using the image analysis software Fiji). Using u and
t_ ., we then estimated the number of cell divisions per unit time as

exp’

for each strain

k = u/In2 and the number of generations as n = ktexp,

and media condition. We then calculated the expected absolute fre-

quency of both specialists after competitionas F_ , = 2" x Feor @nd es-

tart
timated the relative expected frequency of the pyochelin producer as

=F, /(F, +F,

end_pyochelin” V' end_pyochelin end_pyoverdine

foyochelin ). We then compared
these expected relative frequencies to the actual relative frequencies

observed.

2.7 | Statistical analysis

We used general linear models for statistical analysis in R 3.4.2.
Prior to analysis, we used diagnostic QQ-plots and the Shapiro-Wilk
test to check whether the residuals of our models were normally
distributed. The QQ-plots yielded a good fit between expected and
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observed residuals for all main data sets, with a slight (but sym-
metrical) overdispersion. The good fit to normality was confirmed by
Shapiro-Wilk W-values close to 1 (all values 20.92, Table S2). There
was one exception and this concerned the comparison of observed
vs. expected strain frequencies. Here, a log-transformation of the
frequency data fixed the issue. To analyse if siderophore specialists
grow better or worse than the generalist wildtype we used analysis
of variance (ANOVA) models with strain background and iron avail-
ability as fixed factors. To account for multiple pairwise comparisons
between the two specialists and the wildtype we corrected p-values
using the false discovery rate method. To test if the productivity of
the specialist mixes varied with the initial frequency of pyochelin
producers in the mixes and with iron availability, we used ANCOVA
models with the initial frequency as covariate and iron availability
as fixed factor. Subsequently we performed one-way ANOVA for
each media separately and conducted two-sided one-sample t-
tests to determine whether productivity differs between specialist
mixes and the generalist wildtype, which equals one. To investigate
whether observed final frequencies of the pyochelin specialist dif-
fered from the expected frequencies, we used ANCOVA models,
with frequency type (expected versus observed) and iron availability
as fixed factors and initial frequency of pyochelin producers as co-
variate. Finally, we tested whether the relative fitness of the pyo-
chelin producers depended on its initial frequency in the mixes. For
this, we used ANCOVA models with initial frequency as covariate
and iron availability as fixed factor, subsequently performing one-

way ANOVA for each media separately.

3 | RESULTS

3.1 | Pyoverdine-producing specialists grow better
than pyochelin-producing specialists

To assess how the two specialist strains (pyochelin and pyoverdine
producers) and the wildtype strain (producing both siderophores)
perform in monoculture, we monitored their growth in four variants
of the CAA media differing in their level of iron limitation. We found
that productivity (growth integral) differed significantly across
strains (Figure 1, Table S3, ANOVA: Fz,ss = 5.434, p = 0.0059) and
decreased as the medium became more iron limited (F; gg = 736.9,
p < 0.0001), whilst there was no interaction between the two
variables (F6,82 = 1.136, p = 0.3489). Specifically, we found that
pyoverdine-producing specialists grew significantly better than
pyochelin-producing specialists (post-hoc comparison: p = 0.0046),
whereas there were no significant differences between the produc-
tivity of the wildtype and the two specialists (post-hoc comparisons,
wildtype vs. pyoverdine specialist: p = 0.2067; wildtype vs. pyo-
chelin specialist: p = 0.0690). Overall, these results reveal that pyo-
verdine specialists outperform pyochelin specialist in monoculture,

showing that pyoverdine is the more potent siderophore.
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3.2 | Specialization increases productivity in iron
rich but not in iron-limited media

Next, we investigated how the productivity of mixtures of the two
specialist siderophore producers vary across mixing ratios and media
conditions, and whether there are conditions under which special-
ists grow better than the generalist wildtype, which could reflect
division of labour. For this purpose, we expressed the productiv-
ity of the specialist mixtures relative to the wildtype monoculture.
First, we compared productivity between treatments and observed
that the productivity significantly declined as the starting frequency
of the pyochelin producers in the mixes increased (ANCOVA:
F1,286 =52.25,p <0.0001, Table 1) and the iron availability in the me-
dium decreased (F31286 = 83.77, p < 0.0001, Table 1). The decline in
productivity with more pyochelin specialists in the mix was steeper
under more stringent iron limitation (significant interaction between
the two variables: F3 086 = 26.58, p < 0.0001, Table 1). Specifically,
mixing ratio did not influence productivity in iron-rich medium (CAA
+100 uM FeClg, slope: 0.0002, F; ;, = 0.986, p = 0.3239, Table S4),
but did increasingly so when iron became more limiting (plain CAA
medium: slope = -0.0008, F, ,, = 13.90, p = 0.0004; CAA + 100 uM
2-2'-bipyridyl: slope = -0.0011, F1,72 = 1741, p < 0.0001;
CAA + 300 uM 2-2"-bipyridyl: slope = -0.0054, F,,, = 36.52,
p < 0.0001, Table S4). These results demonstrate that pyoverdine is
the more potent siderophore and that lower abundances of pyover-
dine specialists compromise group productivity under iron-limited
conditions.

In a subsequent step, we compared the relative productivity
of the specialist mixes to the generalist wildtype performance and
found that mixes had significantly higher productivity than the wild-
type in iron-rich medium (CAA + 100 uM FeCl; one-sample t-test:
t,;=1217,p < 0.0001), whilst there was no significant difference
in productivity in plain CAA medium (t,; = 1.819, p = 0.0730). In
contrast, productivity of mixtures was reduced compared to the
wildtype in CAA medium supplemented with 2-2"-bipyridyl (100 uM:
t,, =-12.89, p < 0.0001; 300 puM: t,, = -6.745, p < 0.0001). These
findings show that the generalist strategy is costly in iron-rich media
where siderophores are less important for iron scavenging, and that
specialization saves costs associated with residual siderophore pro-
duction. However, this cost saving does not result into efficient divi-
sion of labour under more stringent iron limitation (i.e. in media with
2-2"-bipyridyl).

3.3 | Growth rates of the two specialists depend
on each other in mixed cultures

We then asked whether the performance of the two siderophore spe-
cialists within mixed cultures is simply driven by their intrinsic mono-
culture growth rates shown in the specific medium, or whether their
growth rates depend on each other because of social interactions via
the sharing of siderophores. To do so, we calculated the expected
frequencies of the pyochelin and pyoverdine producers (assuming
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FIGURE 1 Growth of P. aeruginosa strains depend on both iron availability and their siderophore repertoire. Growth and productivity of
pyoverdine-producing (blue: PAO1ApchEF::mcherry - 100% PVD) and pyochelin-producing (red: PAO1ApvdD::gfp - 100% PCH) specialists
are compared with the generalist wildtype (black: PAO1), which produces both siderophores in media differing in iron availability. (a)
Temporal growth dynamics of siderophore specialists and the wildtype. Values and error bars represent mean and standard deviation across
8 independent replicates respectively. (b) Productivity measured as integral (area under the growth curve, OD600) over 24 hours. Boxplots
represent the median with 25" and 75t percentiles, and whiskers show the 1.5 interquartile range. Productivity of the pyochelin specialist is
significantly lower than the productivity of the pyoverdine specialist (Table S3).
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TABLE 1 The effect of initial pyochelin

frequency and iron availability on the Linear model Relative productivity Relative fitness

relative productivity of specialist mixes Model statistics df Fvalue p Value df Fvalue p Value

and the relative fitness of pyochelin )

producers using ANCOVA models Pyochelin frequency (pch) 1,286  52.25 <0.0001 1,224  89.73 <0.0001
Iron availability (iron) 3,286 83.77 <0.0001 3,224 14.03 <0.0001
pch*iron 3,286 26.58 <0.0001 3,224 4.09 0.0075

100uM FeCl; OuM 2,2'-bipyridyl 100uM 2,2’-bipyridyl 300uM 2,2’-bipyridyl

1.5

10+ -3= - =% - - - =

et anun

0.5

Relative productivity of specialist mixes

0.04
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25 50 75 9510 0 5 25 50 75 95100
Pyochelin producers (%)

0 5 0 5 0 5 25 50 75 9510

FIGURE 2 Siderophore specialization increases productivity in iron-rich medium, whilst it declines with higher starting frequencies of
pyochelin producers in iron-limited media. The colour code depicts mixing ratios from 0% pyochelin producers (pyoverdine monoculture) in
blue to 100% pyochelin producers (pyochelin monoculture) in red, with the increase in frequency of pyochelin producers in the mixes being
denoted by a gradual shift from blue to red. Relative productivity is measured as the growth integral (area under the OD600 curve) of the
specialist monocultures and mixes (PAO1ApvdD::gfp +PAO1ApchEF::mcherry) divided by the growth integral of the wildtype (PAO1). The
dashed line indicates the relative productivity of the wildtype. Boxplots represent the median with 25th and 75th percentiles, and whiskers

show the 1.5 interquartile range across eight (monocultures) and 12 (mixes) independent replicates

no social interactions between them, see methods) and contrasted
them to the observed frequencies in the mixtures, where social
interactions are possible (Figure S3). We found that the observed
and expected frequency of the pyochelin producer significantly dif-
fered from one another (Figure S3, F1,448 =41.11, p < 0.0001) and
there was a significant interaction between specialist mixing ratios
and observed vs. expected frequencies (F1,448 =44.18, p < 0.0001).
To further explore this significant interaction, we calculated the ef-
fect size (Cohen's d) for each of the specialist mixing ratio (Table
S5). This analysis revealed large positive effect sizes (i.e. pyochelin
producer performs better than expected) when the pyochelin pro-
ducer occurred at low frequency in the population. Conversely, we
observed strong negative effect sizes (i.e. pyochelin producer per-
forms worse than expected) when the pyochelin producer occurred

at high frequency in the population. These results suggest that each
of the two specialists can cheat on the other one when rare, via the
exploitation of the siderophore of the more common specialist in
the population.

3.4 | Negative frequency-dependent fitness
patterns foster specialist co-existence

We then asked whether the two specialists can co-exist or whether
one strain would outcompete the other one. We thus assessed the
relative fitness of the pyochelin producer (relative to the pyoverdine
producer) for all mixing ratios. We found that the relative fitness of
the pyochelin producer was determined by a significant interaction
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between mixing ratio and media: F3y224 =4.,091,p =0.0075, Figure 2,
Table 1). Specifically, the relative fitness of pyochelin producers sig-
nificantly declined with higher initial starting frequencies in all media,
but the slope of decline differed between media (CAA + 100 pM
FeCl;: slope = -0.0129, Fise = 73.94, p < 0.0001; plain CAA:
slope = -0.0048, F,;, = 11.17, p = 0.0015; CAA + 100 uM
2-2'-bipyridyl: slope = -0.0070, Fis¢ = 21.53, p < 0.000%;
CAA + 300 pM 2-2-bipyridyl: slope = -0.0075, F, 5, = 11.27,
p = 0.0014, Table S4). Crucially, all regression lines subtend the
In(v) = O line, revealing evidence for negative frequency-dependent
selection and the possibility of the two specialists to co-exist at an
equilibrium. Based on the fitted regression line, we calculated the
frequency of pyochelin specialists in the mixes at which a stable
equilibrium is reached and found that these values varied across en-
vironmental conditions: CAA + 100 pM FeCl;: 69.80%; plain CAA:
38.99%; CAA + 100 puM 2-2-bipyridyl: 22.29%; CAA + 300 uM
2-2"-bipyridyl: 30.09%.

4 | DISCUSSION

In our study we tested whether enforced specialization in the pro-
duction of public goods can lead to division of labour. We used the
siderophores pyochelin and pyoverdine in the bacterium P. aerugi-
nosa as our model system. We mixed specialist strains producing
either of the two siderophores at different starting frequencies and
subjected them to a gradient of iron limitations. The productivity
of the mixes was compared to that of the generalist wildtype and
the relative frequency of the specialist were quantified after a 24-h
growth cycle. We found that (i) specialization increased group pro-
ductivity under iron-rich conditions where siderophores are less
important, (ii) specialist and wildtype cultures performed equally
well under moderate iron limitation where both pyochelin and pyo-
verdine are useful, (iii) specialization reduced group productivity in
the environments where iron availability was low and pyoverdine is
the more important siderophore, (iv) strains socially interacted with
each other via the sharing of siderophores and lastly (v) specialists
co-existed in all environments settling on an intermediate ratio. Our
observations indicate that enforced specialization does not lead to
an efficient division of labour but fosters co-existence through nega-
tive frequency-dependent selection based on mutual cheating under
most conditions tested.

We found that mixtures of the two specialists performed
better than the generalist wildtype in iron-rich environment
(CAA + 100 uM FeCl,). However, this finding unlikely represents
division of labour because siderophores are not important for iron
scavenging under such iron-replete conditions (Dumas et al., 2013;
Ochsner et al., 1995; Serino et al., 1997). Instead, our results suggest
that being a generalist is costly under iron-replete conditions. This
interpretation is supported by recent findings at the single cell level
showing that the wildtype expresses both pyochelin and pyoverdine
synthesis genes at background levels even in iron-rich environments

(Mridha & Kummerli, 2021). Consequently, specialist communities

are able to minimize these residual metabolic costs, whilst the gen-
eralist cannot.

We further found that specialist communities were as produc-
tive as the generalist wildtype cultures in a medium where the over-
all iron availability is low, but iron is not bound to a chelator (plain
CAA). This observation matches our prediction that division of la-
bour is most likely to arise in environments where both siderophores
are beneficial. Pyochelin is beneficial because it is relatively cheap to
produce yet is still efficient in iron scavenging despite its relatively
low iron affinity (K. = 10> M™) (Youard et al., 2011). Pyoverdine is
beneficial in any case due to its high iron affinity (K, = 10** M™)
(Visca et al., 2007), but is produced at moderate amounts presum-
ably because of its relatively high production costs (Dumas et al.,
2013). Our data, therefore, suggest that the two iron-scavenging
strategies successfully complement each other under moderate iron
limitation. However, we might ask why the two specialists only reach
wildtype productivity and do not engage in a more efficient division
of labour? One explanation is that our strains are imperfect special-
ist. Pyoverdine and pyochelin synthesis occurs via non-ribosomal
peptide synthesis, which involves a series of enzymes (Visca et al.,
2007; Youard et al., 2011). Whilst our mutants lack parts of the sid-
erophore synthesis machinery, which turns them into phenotypic
specialists, molecular studies have shown that the remaining part of
the synthesis machinery is still partially active resulting into resid-
ual metabolic costs (Tiburzi et al., 2008). We propose that naturally
evolving specialists might alleviate these costs, which could indeed
give rise to division of labour under moderate iron limitation.

In contrast, we observed that specialist communities had sig-
nificantly lower productivity relative to the generalist wildtype
cultures in media where iron was bound to a strong iron chelator
(CAA + 2-2-bipyridyl). Whilst the importance of pyoverdine in-
creases under strong iron limitation the one of pyochelin diminishes
(Dumas et al., 2013). This misbalance in their relevance might pre-
vent division of labour, as is demonstrated by our results that com-
munity productivity sharply declines with higher initial frequencies
of pyochelin specialists in the mixes, showing that they are a burden
for the community because they do not contribute to the pool of the
more beneficial pyoverdine. Altogether, our productivity analyses
show that the conditions under which division of labour, involving
siderophore sharing, can evolve is narrow and restricted to environ-
ments with moderate iron limitation.

A key prerequisite for division of labour to occur is that special-
ists interact, and in our case, exchange the two siderophores at the
community level. Our results support this view as we found that the
relative fitness (Figure 2) and the growth rate (Figure S3) of each
specialist is dependent on the presence and frequency of the other
specialist in the community. These findings corroborate previous
results that both pyoverdine and pyochelin can be shared between
cells and confer fitness benefits to the receivers (Griffin et al., 2004;
Ross-Gillespie et al., 2015; Sathe et al., 2019). Despite the sharing of
the two siderophores, enforced specialization in our system did not
result in division of labour but rather stimulated cheating. We reason
that this is because the two siderophores have different costs and
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benefits, especially under strong iron limitation. Whilst pyochelin is
relatively cheap to produce, it comes with little benefit to the com-
munity when iron is bound to a strong chelator (see also Figure 1).
Conversely, pyoverdine is relatively costly for the producers yet gen-
erates a greater benefit to the community as it manages to scavenge
iron even when it is bound to a strong chelator. This imbalance in
costs and benefits puts pyochelin producers at an advantage as they
can exploit the beneficial pyoverdine whilst saving costs by making
the cheaper (but less useful) pyochelin. Consequently, pyochelin
producers act predominantly as cheaters under severe iron limita-
tion, reaping relative fitness benefits (Figure 2) whilst compromis-
ing community productivity (Figure 3). But our effect size analysis
suggests that pyoverdine producers can also cheat on pyochelin
producers, especially when rare (Figure S3, Table S5). At low pyover-
dine producer frequencies, the balance tips and pyochelin producers
reach lower frequencies than expected based on their monocul-
ture growth, especially under moderate (plain CAA) and strong
(CAA + 2-2"-bipyridyl) iron limitation (Figure S3, Table S5).

The observed fitness dynamics between the pyochelin and py-
overdine specialists are analogous to the snowdrift game, a popu-
lar concept from game theory (Doebeli & Hauert, 2005). The two
siderophore specialists behave as opponents and the best strategy
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for each specialist is to minimize cooperation (i.e. produce little sid-
erophores) and rely on the cooperative acts (i.e. siderophores) of
the opponent. However, if the opponent does not cooperate it is
better to cooperate oneself (i.e. produce and rely on one's own sid-
erophores), otherwise there would be no benefit at all (i.e. no iron
would be scavenged). Snow-drift games are characterized by the
co-existence of the two strategies (cooperation and cheating) via
negative frequency-dependent selection as observed in our system.
Taken together, these results suggest that interactions between spe-
cialists are characterized by mutual cheating reminiscent of snow-
drift game dynamics and not division of labour under iron limitation.

The question is whether co-existence would be stable in the long
run? One conceivable option is that a double mutant would arise
that cheats on both siderophores, potentially bringing the commu-
nities to collapse under strong iron limitation. However, a previous
experimental evolution study yielded no evidence for such a sce-
nario (Ross-Gillespie et al., 2015), but showed stable co-existence of
the wildtype generalist with a pyoverdine mutant that overproduced
pyochelin and a second mutant that produced both siderophores at
intermediate levels. An alternative option is that the interactions be-
tween specialists are lost through the evolution of an independent

lifestyle, as shown to occur in the enforced biofilm specialization
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FIGURE 3 Relative fitness In(v) of pyochelin producers in competition with pyoverdine producers declines with higher starting
frequencies of pyochelin producers in the population. The colour code depicts mixing ratios from 0% pyochelin producers (pyoverdine
monoculture) in blue to 100% pyochelin producers (pyochelin monoculture) in red, with the increase in frequency of pyochelin producers in
the mixes being denoted by a gradual shift from blue to red. The findings suggest that there is negative frequency-dependent selection in
all media conditions. Competitions occurred between pyochelin (PAO1ApvdD::gfp) and pyoverdine (PAO1ApchEF::mcherry) producers over
24 hours in media differing in iron availability. Values of In(v) > 0, In(v) = 0, or In (v) < O indicate that pyochelin producers won, did equally
well or lost in competition against pyoverdine producers respectively. Boxplots represent the median with 25th and 75th percentiles, and
whiskers show the 1.5 interquartile range across 12 independent replicates
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system in Bacillus subtilis (Dragos, Martin et al., 2018). In our case,
this could happen through the evolution of a superior siderophore
system that is neither shareable nor exploitable by other community
members (Lee et al., 2012).

We showed that enforced specialization saves metabolic
costs associated with the production of the two siderophores
(Figure 3, iron-rich conditions). However, this cost saving did not
result in an efficient division of labour under iron-limited condi-
tions. We propose that this is because P. aeruginosa has evolved
sophisticated regulatory mechanisms to fine-tune siderophore
investment in response to environmental conditions. Such regula-
tory mechanisms also save costs (Darch et al., 2012; Kimmerli &
Brown, 2010; Xavier et al., 2011) and could represent an alterna-
tive adaptive strategy to division of labour. Siderophore regulation
in P. aeruginosa involves three levels. At the top level, Fur (ferric
uptake regulator) blocks siderophore synthesis when iron accumu-
lates within cells but loses its inhibitory effect when intra-cellular
iron reserves become depleted (Escolar et al., 1999; Leoni et al,,
1996; Ochsner & Vasil, 1996; Youard et al., 2011). Fur repression
seems to act more strongly on pyoverdine than pyochelin, allow-
ing for preferential pyochelin production under moderate iron
limitation (Dumas et al., 2013). The second level of regulation in-
volves membrane-embedded signalling cascades, where incoming
siderophore-iron complexes trigger a positive feedback loop that
increases siderophore production in response to successful scav-
enging events (Lamont et al., 2002; Michel et al., 2007). The third
level is poorly explored at the molecular level, yet is hierarchical in
nature, whereby pyoverdine production suppresses pyochelin syn-
thesis intracellularly (Dumas et al., 2013), allowing for preferential
pyoverdine production under strong iron limitation. Such regula-
tory circuits could outperform genetic division of labour because
individuals remain generalists and thus flexible in responding to
environmental fluctuations (Butaité et al., 2018), whilst genetic di-
vision of labour requires specialist partners to be present in the
environment in adequate ratios and being able to exchange their
goods, conditions that might often not be met.

In conclusion, our study indicates that enforcing specialization
with regard to siderophore production does not lead to beneficial
division of labour in P. aeruginosa but leads to the stable co-existence
of the two specialists through mutual cheating. Our results suggest
that there are at least three factors that could constrain the evolu-
tion of division of labour with regard to public good exchange in bac-
terial population. First, an imbalance in the costs and benefits of two
public goods can promote cheating rather than an efficient division
of labour. Second, division of labour might only be beneficial under
specific environmental conditions and because environmental fluc-
tuations are common in natural habitats generalist strategies might
be favoured. Third, the evolution of fine-tuned regulatory circuits
can compensate for the costs associated with pursuing a generalist
strategy, and at the same time allows generalist to flexibly respond
to environmental fluctuations. Given these constraints, genetic divi-
sion of labour might be harder to evolve in bacteria than previously
thought, especially when environmental conditions fluctuate in

unpredictable ways, making the evolution of fine-tuned regulatory

circuits the better option.
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