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13 Abstract

14 Bacterial cooperation can be disrupted by non-producers, which can access
15 public goods without paying their production cost. These cheaters can increase
16 in frequency, exhausting the public goods and causing a population collapse.
17 We investigated how interactions among cheaters in orthogonal social traits
18 influence such collapse. We characterized the dynamics of Pseudomonas
19 aeruginosa polymorphic populations under conditions where two social traits,
20 production of iron-scavenging pyoverdine and quorum sensing regulated
21 elastase, are necessary. We demonstrate that cheaters for either trait compete
22 with both the wild type and each other and, since production of pyoverdine is
23 costlier than elastase production, pyoverdine cheaters impair invasion by
24 quorum sensing mutants, preventing the collapse caused by the latter. A
25 mathematical model shows that these dynamics are determined by the costs of
26 the social traits involved, while their benefits only influence population mean
27 fitness. Finally, we show how quorum sensing regulation can avoid full loss of

28 cooperation.
29 Introduction

30 Although bacteria are unicellular organisms, they can engage in many
31 group behaviors including biofilm formation, swarming motility, production and
32 secretion of extracellular proteases and iron-chelating siderophores (1—4). The
33 collective production of costly, secreted compounds provides fitness benefit to
34 the entire population and can be considered as cooperative behaviors.
35 Cooperation is frequently under the threat of exploitation by cheaters:
36 individuals that benefit from the cooperative action but contribute little or nothing
37 at all to the production of the public goods. When mixed with cooperators,
38 cheaters can increase in frequency and cause loss of cooperation by
39 exhaustion of the public goods, leading to a collapse of the entire population,
40 characterized by a strong decrease in the growth yield of the entire population
41 (5). This phenomenon, defined as the ‘tragedy of the commons’, was coined in
42 economics (6), but has been explored in ecology (7) and has also become a
43 focus of attention in microbiology in the last decade (8-12). Several
44 mechanisms have been proposed to explain how cooperative behaviors are still
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45 observed and maintained in microbial populations despite the emergence of
46 cheaters. For instance, spatial structure and diffusion (13-22), pleiotropy (9,
47 23-30), migration (31), social and non-social adaptations (7, 11, 32, 33),
48 policing mechanisms (10), molecular properties of public goods (34), and
49 metabolic strategies (35) play significant roles in maintaining cooperation by
50 preventing cheater invasions and avoiding the tragedy of the commons (2).
51 Importantly, despite all these mechanisms to inhibit cheaters’ invasion, cheating
52 behavior is still observed in vitro (9-11, 25), in vivo (36, 37), and in natural
53 populations (38—40).

54 Certain cheaters are also clinically relevant and are repeatedly isolated
55 from the sputum samples of cystic fibrosis (CF) patients chronically infected
56 with Pseudomonas aeruginosa (38, 41-43). CF is a genetic disorder which
57 causes thickening of mucus in the lungs. Although initial acute infections are
58 normally associated with colonization of the lungs by wild type (WT) P.
59 aeruginosa, subsequent chronic infections consist of polymorphic populations
60 which include mutants affected in social traits (41, 43—-45). Importantly, in vitro
61 studies, which focused on one trait and one constraint at a time, demonstrated
62 that invasion by a cheater leads to a tragedy of the commons (9—11). However,
63 despite the prevalence of social cheaters in the CF lung population, population
64 collapse due to the invasion of cheaters has not been described. Therefore, we
65 reasoned that studying interactions among multiple social cheaters,
66 simultaneously, under conditions where more than one social trait is required
67 could provide new insights into socialdynamics of P. aeruginosa populations in
68 CF lungs and other environments. When more than one environmental
69 constraint is present, the roles among different social mutants are likely to be
70 more complex, since a cheater for one trait could potentially be a cooperator for
71 another, making ‘cheater’ and ‘cooperator’ relative terms (46). We hypothesize
72 that in environments where multiple constraints require bacteria to express
73 multiple cooperative traits simultaneously, competition among mutants in
74 orthogonal social traits (traits that are not known to be functionally linked), could
75 influence their co-existence and the magnitude of the collapse of the population.
76 This possibility is further supported by recent theoretical and experimental
77 studies showing that interactions between interlinked cooperative traits

78 significantly affect the course of their evolution (26, 47).
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79 Here we examine the consequences of ecological interactions among
80 social cheaters and the full cooperator in P. aeruginosa populations under
81 conditions where two orthogonal cooperative traits are required.

82 Both /asR and pvdS mutants are used individually in a large number of
83 sociomicrobiology studies (9, 25, 34, 48-52) and are among the most common
84 mutants recurrently isolated from the sputum samples of CF patients (38, 41,
85 42). LasR is the master regulator of quorum sensing (QS) and controls the
86 production of elastase. Production and extracellular secretion of elastase is
87 essential for P. aeruginosa to digest complex sources of amino acids, such as
88 casein, which serves as carbon and nitrogen source (9). Previous studies
89 showed that /asR mutants grow poorly in media containing casein as the only
90 carbon source, but increase in frequency when mixed with WT bacteria. This
91 invasion of the mutant, eventually leads to a collapse where the total cell
92 numbers of the population are drastically reduced due to the depletion of
93 producers of the essential public good (9-11). Similarly, production of
94 pyoverdine is one of the most studied cooperative trait in bacteria (34, 48-52).
95 In iron-limited environments, pyoverdine is secreted by the P. aeruginosa,
96 chelates iron from the environment and is subsequently retrieved, providing iron
97 to the cell (49). Mutants in pyoverdine synthesis (e.g. pvdS) do not pay the cost
98 of its production but are still able to retrieve the iron-bound pyoverdine produced
99 by others, gaining a fitness advantage and increasing in frequency in the
100 population (34, 53, 54).

101 We followed the cheating behavior of a /asR knock-out (KO) mutant in
102 environments where casein is the sole carbon source, and thus production of
103 elastase is required. In addition to this ‘one constraint - one trait’ setting, we
104 added another constraint (iron depletion) and another social player (a pvdS KO
105 mutant) and studied the behavior of the population in a ‘two constraints - two
106 traits’ setting. We quantified the cheating behavior of a /lasR mutant in short and
107 long-term competitions, in iron-supplied or iron-depleted casein media with or
108 without the presence of a pvdS mutant. We found that the relative fitness of the
109 /asR mutant is altered when the pvdS mutant is in the culture, but only when the
110 /asR mutant produces pyoverdine. We next determined the long-term
111 consequences of the interactions among the two mutants and the WT for the

112 onset of the tragedy of the commons. Our results show that in the environment
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113 where the two cooperative traits are required, competition between the two
114 mutants affects their dynamics, preventing the drastic population collapse
115 otherwise caused by domination of the lasR mutant. Moreover, we developed a
116 mathematical model which shows that social dynamics in multiple public good
117 competitions are determined by the differences among the costs of the public

118 goods involved, while their benefits only affect population mean fitness.
119
120 Results

121 Cheating behavior of lasR mutant depends on the environment and the
122 composition of the population.

123 We investigated the fithess of /lasR and pvdS mutants, alone and in
124 competition under different environmental conditions, to determine the effect of
125 the interactions between different cooperative traits on the dynamics of the
126 cheater frequency and on the overall fithess of the population. Both mutants
127 grow as well as WT in media where neither elastase nor pyoverdine are
128 required (i.e., an iron-supplied medium where casamino acids (CAA) are the
129 sole carbon source) (Fig. S1A). However, when casein is the sole carbon
130 source, lasR mutant has a lower growth than WT (Fig. S1B) and in iron-
131 depleted CAA medium the growth yield of pvdS mutant is lower than that of WT
132 and /asR mutant (Fig. S1C). Importantly, even though LasR regulates most of
133 the quorum sensing genes in P. aeruginosa, the growth yield of /lasR mutant
134 was only affected significantly in media where elastase is required (Fig. 1 and
135 Fig. S1). These data corroborate that there is no direct functional link between
136 lasR and pvdS under the conditions tested (Fig. S1B and S1C) (55, 56). Next,
137 to obtain a condition where both constraints were present, we cultured these
138 mutants in a medium with casein as the sole carbon source supplemented with
139 transferrin to deplete iron (iron-depleted casein medium). Monocultures of both
140 /asR and pvdS mutants have a lower growth yield than WT in this medium (Fig.
141 1) because, under these conditions, elastase and pyoverdine are both required
142 for growth. Importantly, the growth yield of /asR mutant is smaller than that of
143 pvdS mutant.
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144 We next determined the relative fithess of these two mutants in
145 competition with WT. When there is no environmental constraint present,
146 neither of the mutants show any significant increase in frequency (Fig. S2A).
147 However, when co-cultured with WT in iron-supplied casein medium, /lasR
148 mutant increases in frequency, demonstrating that it can act as cheater under
149 these conditions (Fig. 2A-left and Fig. S2B). Introduction of the pvdS mutant in
150 the WT:/asR co-cultures does not affect the cheating behavior of /asR mutant,
151 since /asR can also increase in frequency in the triple co-culture (Fig. 2A-right,
152 and Fig. S3A). The fact that pvdS mutant does not change the behavior of /asR
153 mutant in the iron-supplied casein media is consistent with the fact that pvdS
154 mutant does not increase in frequency, and thus it does not act as a cheater
155 under these conditions (Fig. 2B and Fig. S3B). Then, we studied the behavior of
156 these mutants in the medium with two constraints (iron-depleted casein
157 medium). In this medium, /lasR mutant again increases in frequency in the co-
158 cultures with WT (Fig. 2C-left). Importantly, the relative fitness of /asR in iron-
159 depleted casein medium is smaller than the observed in the iron-supplied
160 casein medium (Fig. 2A-left). This is not due to a differential production of
161 pyoverdine in /lasR (Fig. S4) but because, in iron-depleted casein medium, WT
162 reaches a much smaller growth yield than in iron-supplied casein medium (Fig.
163 1 and Fig. S1B). In fact, when measured in units of cumulative numbers of cell
164 divisions (CCD = final cell number — initial cell number) (57, 58) the relative
165 fitness per cell division of /asR is not significantly different in the two media
166 (7.27x10710 £ 2.19x107"% versus 7.53x107'% + 1.20x10-'% in iron-supplied and iron-
167 depleted medium, respectively) and thus the relative fitness of the mutants in 48
168 hours (Fig. 2) is higher in the iron-supplied medium, where the growth yield is
169 also higher (Fig. 1).

170 Interestingly, when pvdS mutant added to the competition in iron-
171 depleted casein medium, it acts as a cheater in co-cultures with WT (Fig. 2D-
172 left), and in triple cultures with lasR and WT (Fig. 2D-right, and Fig. S3D).
173  Strikingly, in the triple cultures under the condition where both traits are
174 required, the presence of pvdS mutant results in a significant decrease in the
175 ability of /JasR mutant to act as a cheater (Fig. 2C-right, and Fig. S3C). These
176 results show that the costs and benefits of the two social traits studied here are

177 context dependent and support the conclusion that the behaviors of the social
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178 mutants vary not only with the environment, but also with the level of

179 polymorphism in the population.

180 Cheating capacity of lasR mutant determines the onset of the tragedy of
181 the commons

182 We next asked what would be the long-term consequences of these
183 differences in cheating capacities for the overall fitness of the population by
184 performing long-term propagations (Fig. 3). We started co-cultures with
185 WT:lasR or WT:lasR:pvdS (at 9:1 and 8:1:1 initial ratios, respectively), in either
186 iron-supplied casein medium (Fig. 3A and 3B), or in iron-depleted casein
187 medium (Fig. 3C and 3D). The illustrations of the four experimental conditions
188 are shown in Fig. S5. Propagations were performed by culture transfer to fresh
189 media every 48 hours. Before each passage, cell density and frequencies of
190 WT, pvdS, and /asR cells were determined. Growth yields in ODeoo and colony
191 forming units (CFUs) are shown in Fig. 3 and Fig. S6, respectively.

192 We observed that, in the long-term propagations, in five out of six
193 replicates of WT:lasR co-cultures in iron-supplied casein medium, /lasR mutant
194 quickly increased in frequency throughout the first 8 days (4 passages),
195 reaching up to 90% of the population (red bars in Fig. 3A). The total cell
196 densities of the populations (black lines) rapidly decreased to levels similar to
197 that of /asR monocultures (ODsoo = 0.03) by day 12, and no recovery was
198 observed in subsequent passages (Fig. 3A, and Fig. S7). We defined this
199 density, which was reached by day 12 of the propagation (ODsoo = 0.03), as the
200 ‘collapse threshold’ caused by the domination of /lasR mutant. One replicate out
201 of six did not follow this trend; in this case, no population collapse was
202 observed, and the total cell numbers remained high throughout the experiment
203 (Fig. S7B). The cause of this difference is currently under investigation, but the
204 fact that it only occurred in one of the six replicates suggests that the WT in this
205 particular replicate may have acquired de novo beneficial mutation(s), that could
206 prevent invasion of /asR mutant, and these are likely to be non-social
207 mutation(s).

208 Next, we analyzed long-term competitions in triple co-culture (WT, pvdS,
209 and /asR; respectively 8:1:1) in iron-supplied casein medium (Fig. 3B, and Fig.

210 S8). In this case, we observed an increase in lasR frequency, similar to that of
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211 WT and /asR co-cultures seen in Fig. 3A, which was also accompanied by a
212 drastic decrease in the overall population density. At day 10 of the propagation
213 the six populations reached the collapse threshold. The frequencies of pvdS
214 mutant varied between 4% and 15% throughout the duration of the experiment
215 with no indication of any sustained increase (blue bars, Fig. 3B). This result is
216 consistent with the predictions from the relative fithess measurements (Fig. 2B).
217 Then we propagated WT:lasR co-cultures in the medium with two
218 constraints (Fig. 3C, and Fig. S9). In these propagations /asR mutant also
219 increases in frequency throughout the first days, but at a slower pace than in
220 iron-supplied medium. The total cell numbers remain high until days 10-12, but,
221 as the lasR frequencies increase to about 80%, the density of the population
222 decreases, reaching the collapse threshold by day 18.

223 Hence, in all the three scenarios described here, the dominance of /asR
224 mutant is followed by a drastic population collapse due to the tragedy of the
225 commons (Fig. 3A - C).

226 pvdS mutant prevents the drastic population collapse caused by the
227 invasion of lasR mutant

228 Our short-term competitions revealed that the cheating ability of /asR is
229 influenced by both abiotic and biotic conditions, as the presence of pvdS in the
230 low iron conditions reduces the relative fitness of /lasR mutant (Fig. 2C).
231 Therefore, we investigated if, under low iron conditions, pvdS could protect a
232 polymorphic population from the drastic population collapse caused by /asR
233 invasion. Fig. 3D (and the individual replicates in Fig. S10) shows that in the
234 propagation of triple co-cultures in iron-depleted casein medium, /asR cannot
235 increase in frequency (it stays at approximately 3% throughout the experiment).
236 In contrast, pvdS rapidly spreads during the first 12 days to an average
237 frequency of 96% at day 18. Despite the pvdS domination, cell densities of the
238 overall populations stay high. These indicate that, under these conditions, the
239 presence of only 4% of pyoverdine producers in the population is enough to
240 sustain the growth of the entire populations to levels similar to the WT mono-
241 cultures. This interpretation is supported by the results shown in Fig. S11,
242 representing growth yields of mixed cultures with different starting frequencies
243  of pvdS.
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244 Overall, the domination of pvdS mutant in the triple cultures with the two
245 constraints has a remarkable effect on the outcome of the propagations in terms
246 of the growth yields; pvdS domination prevents expansion of lasR and thus the
247 drastic population collapse of the population, which occurs when /lasR mutant
248 dominates (ODe00=0.03, Fig. 3A — C). This occurs because, in this environment
249 where both /lasR mutant and WT are induced to produce pyoverdine, even
250 though lasR mutant still increases in frequency in relation to the WT (Fig. S3C),
251 it loses against pvdS, given the high relative fithess of pvdS against both WT
252 and /asR in this medium (Fig. 2).

253 As a control, we also performed the long-term propagation experiments
254 in media with no constraints. As expected, we did not observe any significant
255 change in the population densities (Fig. S12).

256

257 Manipulation of carbon or iron source availability can prevent or induce
258 the collapse

259 We reasoned that if strong ecological interactions dominate in long-term
260 dynamics over de novo adaptive mutations, alterations of the abiotic factors in
261 the triple cultures should modify the role of each mutant by changing the costs
262 and benefits of the cooperative traits. Indeed, changing the carbon source from
263 casein to CAA during the course of the propagation eliminated the behavior of
264 lasR mutant as a cheater, and this environmental change was sufficient to
265 protect the WT:/asR co-cultures from population collapse (Fig. 4A). Conversely,
266 addition of iron to the iron-depleted casein medium (thus making it iron-
267 supplied) reverts the expansion of pvdS mutant, favoring a consequent increase
268 in lasR cheating capacity, ultimately causing the collapse of all the populations
269 at day 18 (Fig. 4B). We confirmed that changes in final frequencies observed in
270 Fig. 4B were not due to the high starting frequencies of pvdS; even though the
271 selective advantage of pvdS is frequency dependent, this mutant is capable of
272 cheating even at frequencies higher than 90% (Fig. S13).

273 Overall, these results show that by changing the roles of lasR and pvdS
274 mutants, it was possible to revert the social and ecological dynamics of the
275 populations in a very predictable and reproducible manner. The different
276 consequences of these abiotic manipulations are related to the distinct
277 characteristics of the two mutants studied here, i. e., the tragedy of the
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278 commons caused by invasion of pvdS causes a small drop in cell density while

279 invasion of /asR leads to a much greater decrease in density.

280 A mathematical model of a 3-way public goods game explains the
281 dynamics of the cheating mutants

282 To further investigate the main general factors determining the dynamics
283 of competitions among cooperators and cheaters, we built a simple
284 mathematical model assuming that the fate of cooperators and cheaters is
285 governed by the costs and the benefits of the cooperative traits. The model
286 assumes that the cost (c) of a cooperative trait is lower than the benefit (b)
287 associated with this trait (b>c>0). The model also assumes that the benefit
288 provided by the cooperative trait is equal for the entire population, as it would be
289 in the case of an equally accessible public good in a well-mixed environment.
290 Spatial structure, diffusion or privatization, which would alter the benefit gained
291 from the public good for cooperators and cheaters asymmetrically, were not

292 considered in the model. The parameters used are described in Table 1.

293 a) Simple 3-way public goods model
294 We define the fitness of a cooperator and two cheaters mixed in an
295 environment where both traits that these mutants cheat on are necessary as:

296 Wecoop = Wo + b1 (1 = peh1) + b2 (1 — pch2) — C1 — C2

297 Weh1 = Wo + b1 (1 = peh1) + b2 (1 — peh2) — C2

298 Wch2 = Wo + b1 (1 = peh1) + b2 (1 — pch2) — C1

299 As can be seen from the fitness definitions of these three players, the

300 cheaters always have a higher fithess than the cooperator due to the costs (c1
301 or c2) saved. Assuming a homogeneous environment, and ignoring stochastic

302 effects, the population changes according to the replicator equation system:

303 dPcoop ! dt = Pooop(t) (Weoop — @) = Peoop(t) (= €1 Pen1(t) — C2 Pena(t))
304 dpch1! dt = pen1(t) (Wen1 — @) = pen1(t) (¢1 (1 — pen1(t)) — C2 penz(t))
305 dpchz! dt = peha(t) (Wehz — @ ) = Pen2(t) (€2 (1 = penz(t)) — €1 Pen1(t))
306 The change in the mean fitness is given by:

307 ® = Zi pi(t) wi = Wo + Pcoop(t) Weoop + Peh1(t) Wen1 + Pen2(t) Wenz
308 = wo+ (b1 —c1) (1= pecn1(t)) + (b2 — ¢2) (1 — pchz(t))
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309 Fig. 5A shows the predicted mean fitness and final frequencies of the
310 different strains in the population assuming different c1/c2 ratios. It can be easily
311 seen that cooperators will always go extinct, and that the two cheaters can only
312 co-exist when c1 = ca.

313 Whenever c1 # cz, then the cheater that produces the more costly trait will
314 lose. Therefore, the relation between c1 and c2 determines which cheater will
315 dominate the population, independently of the benefits of these cooperative
316 traits. On the other hand, the yield of the population will depend on, @, which is
317 affected by the difference between b and c values of each trait.

318 We simulated the four scenarios (Fig. S14 A — D) corresponding to the
319 conditions in Fig. 3. In Fig. S14A and S14C, the cooperator for both traits (WT)
320 and the cheater of the 1t cooperative trait compete (pcoop(0) = 0.9 and pcn1(0) =
321 0.1), while the cheater of the 2" cooperative trait is absent (hence pch2(0)=0).
322 Whereas, in Fig. S14B and Fig. S14D all three strains compete (pcoop(0) = 0.8
323 and pcn1(0) = pen2(0) = 0.1). In Fig. S14A and S14B, only the 15t cooperative trait
324 is produced (b1 > c1 > 0, whereas b2 = c2 = 0) while in S14C and S14D both
325 traits are expressed (c2 > ¢1 > 0 and b1 > b2 > 0). The c1/c2 ratio reflects the
326 ratios of the relative fitnesses in Fig. 2C and 2D. The time scale of the
327 simulations reflects the CCD as a more meaningful scale than days or numbers
328 of generations (57, 58). CCD values were chosen according to the final number
329 of cells measured in the competition in Fig. 2, where the CCD were significantly
330 higher in iron-supplied casein medium than in iron-depleted casein medium for
331 the same time period. wo, b1, and bz are chosen to reflect the growth yields in
332 Fig. 1 and Fig. S1B.

333 The results of the model for the four scenarios (Fig. S14 A-D) resemble
334 the experimental data, explaining changes in frequencies and the mean fitness
335 observed reasonably well. However, this simple model always predicts
336 complete fixation of the winning mutant (Fig. S14 A-D), and cannot explain the
337 lack of fixation of the mutants observed experimentally with /asR (in Fig. 3 A-C)
338 and pvdS (Fig. 3D). We experimentally tested whether fixation of the winning
339 mutant could occur if the propagations were continued. Our results show that,
340 pvdS mutant can reach fixation when co-cultured either with WT, or with WT
341 and /asR mutant (Fig. S15B and Fig. S15E, respectively). However, lasR
342 mutant fails to reach fixation (Fig. 6A). In the absence of pvdS, when we initiate

11


https://doi.org/10.1101/118240
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/118240; this version posted March 19, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

343 competitions with initial /asR frequencies similar to those at day 18 in Fig. 3A,
344 lasR mutant fails to reach fixation and its frequencies stay around the levels

345 similar to the ones observed in Fig. 3A after the populations collapse.

346 b) Simple 3-way public goods model including quorum sensing

347 Given that the /asR gene and elastase production are regulated via
348 quorum sensing, we hypothesized that QS could be responsible for the lack of
349 fixation of /lasR mutant. QS regulation should reduce both the cost and the
350 benefit of elastase production when the cooperators are below the QS threshold
351 as the cells will not be producing it. We therefore modelled the effect of QS on
352 fitness equations by assuming a Hill function where the cost (c1) and benefit (b1)
353 of the 15t cooperative trait are sharply reduced when the frequency the cheater
354 of the1St cooperative trait (pch1) reaches a given threshold value (th), as:

355 (.l.)coop= wo + b1 (1 - pch1) (1 /(1 + (pch1 /th)n)) + b2 (1 - pchZ) — C1 (1 /(1 + (pCh1 / th)n)) —C2
356 Wch1=Wo + b1 (1 —=pcn1) (17 (1 + (Pen1 /th)")) + bz (1 — penz) — C2
357 Weh2=Wo + b1 (1 =pcn1) (17 (1 + (Pent / th)")) + bz (1 = penz2) — 1 (1 /(1 + (pen1 / th)™))

358 The change in the mean fitness is given by:
359 ® =wo+ ((br=c1) (1=pcn1(t)) [ (1/(1+ (pen1 / th)"))) + (b2 — c2) (1 — pchz(t))

360 In this case, fixation of one mutant can only happen if ci<c2. When ci=c2,
361 both cheaters can co-exist in the population (Fig. 5B).

362 As shown in Fig. 7, the results of the simulations of the modified model
363 including QS for the four experimental conditions predict accurately both the
364 frequency dynamics and the reduction in population size (assumed to be related
365 to the mean fitness) as the cheaters spread. It is also now clear that by adding
366 the QS regulation to the model the simulation predicts that /asR will not reach
367 fixation.

368 To test experimentally if QS regulation prevents fixation of /lasR in the
369 WT:/asR competitions, we repeated the propagation experiment, shown in Fig.
370 6A, with the addition of the QS autoinducer AHLs (30C12-HSL) to the culture
371  medium. Addition of AHLs abolishes the QS-dependent regulation of elastase
372 by locking the LasR regulator on its ON state. With the addition of AHLs,
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373 frequency of /asR mutant increases throughout the competitions until fixation
374 (Fig. 6B), just like the model without QS had predicted (Fig. S14 A — C).

375 In supplementary material, we present other scenarios predicted by this
376 model, which can be tested experimentally in the future (Fig. S16 — 19).

377 We conclude that quorum sensing regulation of production of a public
378 good prevents full domination of the QS cheater, maintaining cooperation in
379 populations. However, if the cheater which wins is affected in the production of
380 a public good that is not regulated via QS (e.g. pvdS) this mutant can dominate
381 the entire population. In summary, the results obtained from our mathematical
382 model (Fig. 7) show that the dynamics observed in our propagation experiments
383 in Fig. 3 can be explained by the relationship between the cost values of two
384 orthogonal cooperative traits and a quorum threshold that regulates both costs

385 and benefits of one of these traits.
386
387 Discussion

388 The classical experimental approach in sociomicrobiology has been to
389 study one trait and one constraint at a time. The simplicity of such an approach
390 has substantially increased our understanding of the dynamics of cooperative
391 and non-cooperative clones and revealed several mechanisms involved in the
392 maintenance of cooperation (2, 4). The ability of /asR or pvdS mutants to
393 behave as cheaters is well documented under these ‘one constraint-one trait’
394 laboratory settings. However, even though /asR and pvdS mutants are
395 commonly isolated from bacterial populations colonizing CF lungs, population
396 collapse due to the invasion by these mutants has not been seen in patients
397 (38, 41).

398 Here, we established an experimental setup where WT cooperates in
399 more than one trait: production of elastase and pyoverdine. Under this
400 environment with two constraints, the /lasR mutant is a cheater for elastase but,
401 a cooperator for pyoverdine, whereas pvdS mutant does the opposite. In this
402 environment, the advantage of pvdS mutant for not producing pyoverdine is
403 higher than that of /asR for not producing elastase (Fig. 2C and Fig. 2D). As a
404 consequence of the different costs associated with the different traits, in 3-way
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405 competitions, pvdS causes a reduction in the relative fitness of lasR mutant and
406 dominates the population. This domination of pvdS prevents the population from
407 a potential drastic collapse caused by invasion of lasR mutants (compare Fig.
408 3D with Fig. 3 A — C). Although the tragedy of the commons due domination of
409 pvdS mutant can also occur (Fig. S15), the consequent decrease in cell density,
410 is much less drastic than the decrease in growth yields observed upon
411 domination of lasR mutant (Fig. 1 and Fig. 3 A — C). This happens because the
412 difference between the benefit and the cost of pyoverdine production is much
413 smaller than that of elastase production.

414 The results from the 3-way competition demonstrate that by having more
415 than one environmental constraint and more than one social mutant, a scenario
416 likely to be closer to the conditions in nature (such as in the lungs of CF
417 patients), the cheater for the trait with the highest cost is expected to dominate.
418 The consequence of that domination for the population collapse will depend on
419 the benefit-cost that such trait entails. Importantly, the degree of the population
420 collapse caused by the tragedy of the commons can eventually have very
421 different consequences for the host. In case of a trait whose difference in
422  benefit to cost is high a drastic collapse on the density of the population caused
423 by the cheater in that trait is expected. If drastic collapse in density takes place,
424 clearance of the pathogen is more likely to occur, resulting in a higher benefit to
425 the host. In contrast, if the mutant for the trait with a low benefit to cost
426 difference (as for pvdS) wins, a weak collapse occurs, to the detriment of the
427 host.

428 Altogether, our results provide support for a dynamic view of cooperation
429 and cheating that is dependent on the genotypes and constraints present in the
430 environment. We demonstrate how changes in the abiotic environment can
431 make a social mutant to stop cheating on one trait while still cooperating on
432 other traits also susceptible to cheating. Moreover, both the mathematical
433 model and experimental results highlight the importance of the difference
434 between costs of the difference traits for the population dynamics, and the
435 difference between benefits and costs of each trait for the mean fitness of the
436 population. Given the relationship between the costs, in a fluctuating
437 environment, polymorphism of various mutants of cooperative traits, as it occurs

438 in CF infections, is possible. Additionally, as shown here for /lasR mutant,
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439 quorum sensing regulation can also favor the maintenance of polymorphism, as
440 such regulation alters the values of the cost and benefits of the traits.

441 A better understanding of the interactions in polymorphic bacterial
442 populations in complex environments not only provides insights into key aspects
443 of sociomicrobiology, but also can provide a theoretical framework for the
444 development of new therapeutic strategies against bacterial populations where
445 social mutants can invade. P. aeruginosa has been the focus of many clinical
446 CF studies because /asR and pvdS mutants are repeatedly observed in the
447 lungs of chronically infected patients (38, 41). Recently, it was suggested that
448 controlled introduction of engineered /asR or pvdS cheaters into the lungs of CF
449 patients infected by P. aeruginosa might decrease the bacterial population by
450 inducing a tragedy of the commons (36, 59, 60). However, in the lungs, P.
451 aeruginosa faces multiple constraints similar to the ones studied here: complex
452 carbon sources and low iron concentrations. Thus, the order of the introduction
453 of the cheaters, the composition of the bacterial population at the onset of the
454 intervention, and the abiotic environmental conditions in the CF lungs are
455 determinants for the ecological outcome of the population and the success of
456 the intervention. For example, according to our results, introducing a pvdS
457 mutant into a population containing /asR mutants in iron-limiting conditions
458 might avert a drastic population collapse rather than triggering it. A study on the
459 evolution of P. aeruginosa strains in the CF lungs showed that appearance of
460 lasR mutations is followed by that of pvdS mutations (and other mutation
461 affecting in iron metabolism) (41). This might explain why a drastic population
462 collapse does not take place in the CF lungs. Our results suggest that a
463 successful clearance of a P. aeruginosa infection in CF patients via triggering a
464 tragedy of the commons can be achieved if the cheaters are introduced when
465 the environmental constraints are limited to the specific trait that the cheater
466 strain cheats on. Importantly, modifications of the environmental conditions can
467 contribute to this effect. For instance, our results predict that when a /lasR
468 mutant is introduced, the supply of extra iron could accelerate the drastic
469 collapse caused by the expansion of /lasR mutant (Fig. 4B) and presumably
470 addition of AHLs, by forcing WT to constitutively cooperate, can promote
471 complete fixation of /asR mutants (Fig. 6B), therefore increasing the efficacy of
472 this potential treatment. Our studies, do not take into account the effect of pvdS,
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473 lasR double mutant (we found no evidence for emergence of double mutants
474  within the period of our experiments), which have the potential to occur in vivo
475 (41). The effect of such double mutants should be investigated in the future.
476 However, based on our results, we can speculate that double mutants should
477 accelerate the collapse of the population. Indeed, we have preliminary data
478 (data not shown) that in longer propagation experiment (in Fig. 3D), de novo
479 mutations can occur, which include pvdS, lasR double mutants. We further note
480 that, while our pvdS mutant does not show any advantage in iron-supplied
481 medium (Fig. 2B), some pyoverdine mutants in Pseudomonas fluorescens have
482 been reported to be better adapted even in environments where iron
483 concentration is not low and thus can be considered non-social mutations (46).
484 The observation of these potentially non-social mutants indicates that iron-
485 supplementation may sometimes fail as potential intervention for clearance,
486 highlighting the need for understanding the nature of these mutations and
487 changes in dynamics caused by them.

488 Collectively, our findings underline the need for including polymorphism
489 and multiple constraints in experimental studies and mathematical models
490 pertaining to cooperation in microbial populations. Our results demonstrate that
491 using experimental conditions that include more than one social trait can reveal
492 complex and dynamic social roles in bacterial populations as well as their
493 dependence on the environment. Understanding the dynamics of polymorphic
494 populations in these complex environments provides insights into social
495 interaction processes, expanding their relevance beyond sociomicrobiology, in
496 addition to providing knowledge important for the development of new

497 therapeutic tools.
498
499 Materials and Methods

500 Bacterial strains, media and culture conditions. We used Pseudomonas
501 aeruginosa WT strain PAO1 and its isogenic derivatives harboring a gentamycin
502 resistant gene inserted in either pvdS (pvdS::Gm) or lasR (lasR::Gm) (61). Iron-
503 supplied casein medium contains casein (Sigma, Ref: C8654) (1% w/v) as the
504 sole carbon and nitrogen sources salts (1.18 g KoHPO4.3H20 and 0.25 g
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505 MgSO04.7H20 per liter of dH20) and 50 uM of FeCls. Iron-depleted casein
506 medium is identical to the iron-supplied casein medium but instead of FeCls
507 supplementation, this medium contains 100 pg/ml of human apo-transferrin
508 (Sigma, T2036) and 20 mM sodium bicarbonate to deplete available iron and
509 induce pyoverdine production. The medium with no constraints contains the
510 same salt solutions as the other media, low iron CAA (BD, Ref: 223050) (1%
511 wl/v) as the sole carbon source and 50 pM of FeCls. All cultures were incubated
512 at 37°C with aeration (240 rpm, New Brunswick E25/E25R Shaker) for the
513 incubation times indicated. Cell densities were estimated by measuring
514 absorbance (Abs) at 600 nm (ODeoo) in a Thermo Spectronic Helios ©
515 spectrophotometer.

516 Determination of genotypic frequencies. Estimation of the frequencies of
517 each strain in the co-cultures was performed by scoring fluorescence and
518 colony morphology of colonies obtained from plating serial PBS dilutions of the
519 cultures. For each individual sample, three aliquots (of 50ul - 200ul, as
520 appropriated) were plated into LB agar plates, which were used as technical
521 replicates. Then, CFU/ml were calculated by scoring different colony
522 morphologies on each plates. A stereoscope (Zeiss Stereo Lumar V12) with a
523 CFP filter was used to distinguish pyoverdine producers, which are fluorescent,
524 from the non-fluorescent pvdS mutants (62, 63). lasR mutant colonies have
525 distinct colony morphology: smaller with smooth edges whereas elastase
526 producers are larger with rugged edges (63). To validate the phenotypic scoring
527 all colonies used to determine the frequency from day 18 of the propagation
528 experiments (Fig. 3D) were tested by PCR with primers for the /asR and pvdS
529 genes. The PCR data confirmed the phenotypic scoring with 100% accuracy.

530 Competition experiments. We propagated six replicates under four different
531 conditions (Fig. 3). Prior to start the competition experiments, all strains were
532 inoculated, from frozen stocks, in medium containing 1% (w/v) casein and 1%
533 (w/v) CAA in salts solution (same as in iron-supplied casein medium, described
534 above) for 36 hours at 37°C temperature with shaking (240 rpm). Cells were
535 then washed with PBS four times, to remove any residual extracellular factor.
536 Next after measuring cell densities (ODsoo), cultures were normalized to ODeoo =

537 1.0 and used to inoculate the various media as described in the text and figures.
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538 The different strains were diluted into fresh media, at different ratios as
539 specified, to a starting initial ODsoo = 0.05. For short term competitions the
540 relative frequencies were determined by plating an aliquot of each culture at the
541 beginning of the experiment (t = 0), and after 48 hours of incubation. For long-
542 term competitions, the relative frequencies were determined at t = 0, and
543 thereafter every 48 hours before each passage. At the end of every 48 hours
544 1.5 pl of each culture was transferred to 1.5ml of fresh medium (bottle-neck of
545 1/1000).

546 Statistical analysis. Independent biological replicates were separately grown
547 from the frozen stocks of each strain. Each experiment was performed at least
548 twice, with three biological replicates, except in Fig. 2A where one experiment
549 has only two biological replicates. Each figure (or figure panel) includes data
550 from the biological replicates of at least two experiments. The sample size (N),
551 corresponds to the total numbers of independent biological replicates in each
552 figure panel and is provided in the corresponding figure legends. Relative
553 fithess was used to determine the cheating capacity of each mutant. For both
554 lasR and pvdS strains, the relative fitness (w) was calculated as the frequency
555 change over 48 hours relative to the rest of the strains in the mixture, using the
556 following formula w = ffinal (1 - finitial) / finitial (1 - ffinal) Where finitial is the mean of the
557 initial proportion measured (as described above) at the beginning of the
558 competitions while final is the mean of the final proportions of the mutant after 48
559 hours of competition (62, 63). We used Mann-Whitney test which is a non-
560 parametric test that does not account for normality and it is more suitable for the
561 sample size used in each experiment (5<N<20). For multiple corrections, we
562 used Kruskal-Wallis test with Dunn’s correction. For all statistical analyses we
563 used GraphPad Prism 6 software (http://www.graphpad.com/scientific-

564 software/prism).
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Fig. 1. Growth yields of P. aeruginosa monocultures in iron-depleted casein
medium. WT (purple triangles), pvdS (blue squares) and lasR (red circles)
mutant strains (horizontal lines show means of each group, Kruskal-Wallis test
with Dunn’s correction, WT-pvdS *=P=0.011, WT-lasR ****=P<103, N=12).
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Fig. 2. Relative fitness of /lasR or pvdS in iron-supplied or iron-depleted casein
media in double or triple co-cultures. (A) Relative fitness of lasR (circles) in co-
culture with WT, or with WT and pvdS in iron-supplied casein media (ns=not
significant, P=0.1207, N=20). (B) Relative fitness of pvdS (squares) in co-
culture with WT, or with WT and /asR in iron-supplied casein media (ns,
P=0.1600, N=12). (C) and (D) same as in (A) and (B), respectively, but in iron-
depleted casein media (****=P<10-%, N=15 and ns, P=0.2581, N=9, for (C) and
(D), respectively). Relative fitness of lasR or pvdS mutants is calculated in
respect to all the other strains in the population. Relative fitness > 1 (above the
dotted lines) indicate conditions where the frequency of the mutant increased in
relation to the rest of the strains in the population during the competition. Initial
ratios of the strains in each co-culture are 9:1 for WT:/lasR and WT:pvdS, and
8:1:1 for WT:pvdS:lasR. Symbols indicate individual replicates and horizontal

lines indicate the means of each group.
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Fig. 3. Effects of abiotic and biotic factors on growth yields and strain
composition of the population in long-term propagations. Left Y-axes show the
ODesoo values prior to subculture; black symbols are the ODeoo values of 6
biological replicates tested for each condition (CFUs/ml are shown in Fig. S6).
Right Y-axes show the frequencies of WT (purple), /asR (red), and pvdS (blue)
mutants 48 hours after subculturing; data are shown as bars and represent the
means of 6 biological replicates, error bars indicate SD. X-axes show the days
of propagations to fresh media. (A) WT and /asR mutant co-cultures mixed at an
initial frequency of 9:1 in iron-supplied casein media. (B) WT, lasR and pvdS
mutants triple co-cultures mixed at initial an initial frequency of 8:1:1 in iron-
supplied casein media. (C) and (D) same as in (A) and (B) but in iron-depleted

casein media. Data from individual replicates are shown in Fig. S7 — 10.
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Fig. 4. Results of manipulations of abiotic conditions in long-term propagations.
Aliquots of either the WT:/asR co-cultures propagated in iron-supplied casein
media (Fig. 3A) or the WT:lasR:pvdS triple co-cultures propagated in iron-
depleted casein media (Fig. 3D) for 6 days were transferred into either iron-
supplied CAA medium or into iron-supplied casein medium, respectively. (A)
Relief of complex carbon constraint by changing casein in iron-supplied casein
medium to CAA, thus making it a medium with no constraints after the 6" day of
the competitions (N=6, data from the first 6 days are from Fig. 3A). (B) Relief of
low iron constraint by adding iron instead of iron depleting transferrin and
changing iron-depleted casein medium into iron-supplied casein medium after
the 6" day of the competitions (N=6, data from the first 6 days are from Fig.
3D). Legends as in Fig. 3.

suless jo Aouanbaiy


https://doi.org/10.1101/118240
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/118240; this version posted March 19, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A Model without Quorum Sensing B Model with Quorum Sensing
20 1.0 20 140)
| E : H
o 108 — -~ l log =
1 = St e =n
%15 I8 2 g
s 06 = | 106 &
310 { & 310} g
e o4 & g | 04 &
] o | \d =3
0.0 Le—m—=———— e ———————r—r—] 0.0 7 0.0 !mm—m™m™mm ——™——————— 0.0 7

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
cl/e2 cl/c2
— Mean Fitness,w — Frequency of Cooperator — Frequency of Cheater #1 — Frequency of Cheater #2

Fig. 5. Mathematical model for the final frequencies of the three strains in
relation to the ratio of ci/c2. In Right-Y axes, frequencies of cooperator of both
cooperative traits (purple), cheater of the 15t cooperative trait (red), and cheater
of the 2nd cooperative trait (blue) in relation to the ratio of ci/c2 either without
(A) or with the influence of quorum sensing (QS) regulation on the 1%t
cooperative trait (B). In Left-Y axes, the mean fitness, ®, is shown in black. The
values given to the parameters of the simulations are: pcoop(0)=0.8, pch1(0)=0.1,
pch2(0)=0.1, 0.001=c1<0.199, b1=1.5, c2=0.1, b2=0.25, wo=0.1, time (as arbitrary
CCD)=1800. In (B) the 1%t cooperative trait is regulated by QS with n=30 and
th=0.8.
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Fig. 6. Frequencies of /lasR in propagations of WT:/asR co-cultures in iron-
supplied casein media in the absence or presence of exogenously added AHLs
(830C12-HSL). Initial frequency of 80-90% of /lasR were used. Cultures were
propagated throughout 6 days by passing the fresh media each 48 hours. (A)
Frequency changes of lasR in WT:/asR co-cultures (red). (B) is the same as (A)
but with 5uM AHLs (30C12-HSL) added to the media. Red lines indicate linear

regressions of the data. Dotted lines represent 100% domination of /lasR.
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Fig. 7. Results of the mathematical model simulating the four scenarios in Fig.
3. Model includes quorum sensing regulation of the 15t cooperative trait (b1 and
c1 are negatively regulated via a Hill equation as a function of the frequency of
the mutant of this trait, pcnt). Left Y-axes show ®, the mean fitness of the entire
population which is a proxy of ODesoo or CFUs/ml values prior to subculture
(black lines). Right Y-axes show the frequencies of pcoop (€.9. WT, purple), pch1
(e.g. lasR, red) and pch2 (e.g. pvdS, blue). X-axes show the number of cell
divisions as arbitrary units. The values that are given to the parameters of the
simulations are: (A) pcoop(0)= 0.9, pch1(0)=0.1, pch2(0)=0, c1=0.01, b1=3.4, c2=0,
b2=0, wo=0.2, th=0.8, n=30; (B) pcoop(0)= 0.8, pch1(0)=0.1, pch2(0)=0.1, c1=0.01,
b1=3.4, c2=0, b2=0, wo=0.2, th=0.8, n=30; (C) pcoop(0)= 0.9, pcn1(0)=0.1,
pch2(0)=0 , ¢1=0.01, b1=1. 5, c2=0.025, b2=0.25, wo=0.1, th=0.8, n=30; (D)
Pcoop(0)= 0.8, pcn1(0)=0.1, pcn2(0)=0.1, ¢1=0.01, b1=1.5, c2=0.025, b2=0.25,
wo=0.1, th=0.8, n=30.
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Table 1: Parameters for the mathematical model for the 3-way public goods

game.

Symbols | Descriptions

C1 Cost of the 15t cooperative trait

C2 Cost of the 2" cooperative trait

b1 Benefit gained from the 15t cooperative trait

b2 Benefit gained from the 2™ cooperative trait

wo Fitness without the additional fithess effects of the cooperative traits (basal fitness)

Wcoop Fitness of the cooperator of the both cooperative traits

Wcht Fitness of the cheater of the 15t cooperative trait

Wch2 Fitness of the cheater of the 2™ cooperative trait

o) Mean fitness of the entire population (A proxy for ODeoo or CFUs/ml)

Pcoop Frequency of the cooperator of the both cooperative traits in the entire population

Pcht Freqguency of the cheater of the 15t cooperative trait in the entire population

Pch2 Frequency of the cheater of the 2" cooperative trait in the entire population
Parameters considered only in the model with QS

th Quorum threshold (as a function of the non-QS strain frequency)

n Hill coefficient for the slope of the inhibition of the QS-regulated public good
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Fig. $1: Growth yields (ODeoo) of WT (purple triangles), pvdS (blue squares) and /lasR
(red circles) strains of P. aeruginosa monocultures after 48 hours of incubation in
various media. (A) WT, pvdS, and /asR growth yields in iron-supplied casamino acids
(CAA) medium (Kruskal-Wallis test with Dunn’s correction, WT-pvdS ns=not significant
P>0.9999, WT-/asR ns=not significant P>0.9999, N=6). (B) WT, pvdS, and /asR growth
yields in iron-supplied casein medium (Kruskal-Wallis test with Dunn’s correction, WT-
pvdS ns=not significant P>0.9999, WT-/asR **=P=0.0034, N=6). (C) WT, pvdS, and
lasR growth yields in iron-depleted CAA medium. (Kruskal-Wallis test with Dunn’s
correction, WT-pvdS ***=P=0.0002, WT-/lasR ns=not significant P=0.1027, N=6).


https://doi.org/10.1101/118240
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/118240; this version posted March 19, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

CAA +Fe CAS + Fe CAA + Tf
c [— [
g 104 .‘g 10+ .g 10+ -
= £ £ ]
- e - [ ]
S (s} ° 5}
~ 6 —~ 6 d —~ 6
o 44 h 44 O 44
& 2 . £
LE) 24 ° Lzlr:) 21 LE) 24 P
£ Aqeseessmmsovsgpend —.-.0-' ............ 2 1]t - T 1 SRR o
g 0 -1 2, g 0 = T % 0 T 2
14 \o\o \s\o @ '&o\g \s\e @ Qe \s\o
® g & 65\ S
QQ \Q QQ \Q Q\‘ \Q
* o\ = °\°' * °\°x
\‘(\tas\o o Q{\@“\" Q@? P, $° ®

Fig. S2: Relative fitness of the mutants in co-cultures with WT with initial frequencies
9:1 WT:pvdS (blue squares) or 9:1 WT:/asR (red circles) after 48 hours of incubation in
various media. (A) Relative fitness of pvdS and /asR in iron-supplied CAA medium
(N=6). (B) Relative fitness of pvdS and /asR in iron-supplied casein medium (N=6). (C)
Relative fitness of pvdS and /asR in iron-depleted CAA medium (N=6). Dotted lines

indicate no change in relative fitness (relative fithess=1).
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Fig. S3. Fitnesses of /lasR and pvdS relative to the rest of the population, or to WT, or
the other mutant in iron-supplied or iron-depleted casein media in WT:pvdS:/asR triple
co-culture with the initial frequencies 8:1:1 (Data from Fig. 2). (A) Fitness of /asR, in
iron-supplied casein media, relative to WT:pvdS (circles), WT (triangles) and pvdS
(diamonds). (B) Fitness of pvdS, in iron-supplied casein media, relative to WT:/asR
(squares), WT (filled) and /asR (hexagons). (C) and (D) same as in (A) and (B) (but
with empty symbols), respectively, but in iron-depleted casein media. Symbols indicate
individual replicates and horizontal lines indicate the means of each group. Dotted lines

indicate no change in relative fitness (relative fithess=1).
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Fig. S4. Total (Absaes) and relative (Abssos/ODeno) pyoverdine (PVD) concentrations of
WT, pvdS, and /lasR monocultures after 48 hours of incubation in various media. Total
PVD concentrations (Absaos), (A) in iron-supplied CAA medium, (B) in iron-supplied
casein medium, (C) in iron-depleted CAA medium, (D) in iron-depleted casein medium.
Relative PVD concentrations (Abss0s/ODso0o), (E) in iron-supplied CAA medium, (F) in
iron-supplied casein medium, (G) in iron-depleted CAA medium, (H) in iron-depleted
casein medium. (Comparisons are done via Mann-Whitney test; ns=not significant,
P>0.05; for all experiments N=6; b.d.: below detection). Methodology. PVD
concentration measurements are done after 48 hours of growth in 37°C shaker by
centrifuging the cells at 14000 r.p.m. for 4 minutes (Eppendorf Centrifuge 5418) and
collecting the supernatant, measuring their absorbance at 405nm (Absaos) in optical
cuvettes as 1:10 dilutions with PBS solutions in a Thermo Spectronic Helios &

spectrophotometer.
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Four scenarios representing the environmental constraints and

population compositions tested. i) double co-culture in iron-supplied casein

medium (WT and one mutant, under one environmental constraint); ii) triple co-

culture in iron-supplied casein medium (WT and two mutants, under one

environmental constraint); iii) double co-culture in iron-depleted casein medium

(WT and one mutant, under two environmental constraints); iv) triple co-culture

in iron-depleted casein medium (WT and two mutants, under two environmental

constraints). Dark-red arrows indicate a paid cost for the production of elastase

and/or pyoverdine, and the green arrows indicate a benefit from these

behaviors. Dark-grey backgrounds indicate optimal iron concentrations; light-

grey backgrounds indicate depleted iron concentrations in the media.
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Fig. $6. Data from the experiments shown in Fig. 3 with the growth yields prior to
subculture, shown as CFUs/ml. Dash lines indicate the approximate monoculture

growth yields of /asR monoculture (3x108 CFUs/ml).
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Fig. S7. Individual biological replicates from the Fig. 3A. WT:/asR populations, which
are co-cultured with initial frequencies of 9:1, in iron-supplied casein media. ‘X’ axes
show the days of propagations to fresh media. Left ‘Y’ axes show the growth yields
(ODego), prior to subculture; data shown as black lines are the growth yields (ODggo) of
the cultures measured at the late stationary phase (48 hour after the inoculation)

values. Right ‘Y’ axes show the frequencies of WT (purple) and /asR (red).
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Fig. S8. Individual biological replicates from the Fig. 3B. WT:lasR:pvdS populations,
which are co-cultured with initial frequencies of 8:1:1, in iron-supplied casein media.. ‘X’
axes show the days of propagations to fresh media. Left ‘Y’ axes show the growth
yields (ODeo) prior to subculture; data shown as black lines are the growth yields
(ODego) of the cultures measured at the late stationary phase (48 hour after the
inoculation) values. Right Y’ axes show the frequencies of WT (purple), pvdS (blue),
and /asR (red).
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Fig. S89: Individual biological replicate from the Fig. 3C. WT:/asR populations, which
are co-cultured with initial frequencies of 9:1, in iron-depleted casein media. ‘X’ axes
show the days of propagations to fresh media. Left ‘Y’ axes show the growth yields
(ODego) prior to subculture; data shown as black lines are the growth yields (ODego) of
the cultures measured at the late stationary phase (48 hour after the inoculation)

values. Right ‘Y’ axes show the frequencies of WT (purple) and /asR (red).
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Fig. S$10. Individual biological replicates from the Fig. 3D. WT:lasR:pvdS populations,
which are co-cultured with initial frequencies of 8:1:1, in iron-depleted casein media. ‘X’
axes show the days of propagations to fresh media. Left ‘Y’ axes show the growth
yields (ODeo) prior to subculture; data shown as black lines are the growth yields
(ODego) of the cultures measured at the late stationary phase (48 hour after the
inoculation) values. Right Y’ axes show the frequencies of WT (purple), pvdS (blue),
and /asR (red).
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Fig. S11. Effect of the initial frequencies of pvdS mutant in the co-cultures with WT, on
the overall growth yields of the population. Each blue square represents one short term
competition (48 hours) in iron-depleted casein media. Initial frequencies of pvdS are
shown in the X' axis (curve indicates the log regression of these short term
competitions). Red diamonds show the ODgy measurements and matching inoculum
frequencies of pvdS mutant from different co-cultures of the 18" day of the experiment
shown in Fig. 3D (ODeoo of the cultures with 3% WT and 97% pvdS vs. 100% WT,
P=0.1316; and ODsqo of the cultures with 2% WT and 98% pvdS vs 100% WT, P<0.05).
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Fig. $12. Propagations of P. aeruginosa cultures in a medium with no constraints. (A)
WT and /asR co-culture initially mixed (9:1) in iron-supplied CAA media. (B) WT, pvdS
and /asR co-culture initially mixed (8:1:1) in iron-supplied CAA media. ‘X’ axes show
the days of propagations to fresh media. ‘Y’ Axes show the growth yields as ODego prior
to subculture, each colored line indicates one propagated culture (N=6), dash lines
indicate the monoculture WT growth yields in the same medium (mean=3.57,
+SD=0.357, N=6) as shown in Fig. S1A.
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Fig. $13. Frequency-dependent selection for pvdS (blue circles) and /lasR (red
squares) when in co-culture with WT in iron-depleted or iron-supplied casein media for
pvdS or lasR, respectively. ‘X' axis shows the frequencies of pvdS or /asR in the
beginning of the competition with WT. ‘Y’ axis shows the relative fitness values of pvdS
or lasR over WT after 48h of incubation. Lines indicate linear regressions; slopes of the
lines are shown on the figure (Comparison of the lines: F=8,525, DFn=1, DFd=52,
**=P=0,0052; the lines are significantly different). Red and blue dots indicate the 95%
confidence intervals of the corresponding lines. The gray dotted line indicates no

change in relative fitness (no cheating, relative fitness=1).
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Fig. S14. Four scenarios in Fig. 3 A — D simulated using the mathematical model for
the 3-way public good game without QS regulation. Left Y-axes show ®, the mean
fitness of the entire population, which is a proxy of ODey or CFUs/ml values prior to
subculture (black lines). Right Y-axes show the frequencies of pcoop (€.9. WT, purple),
pen1 (€.9. lasR, red) and pcn2 (e.g9. pvdS, blue). X-axes show the cumulative number of
cell divisions as arbitrary units. The values that are given to the parameters of the
simulations are: (A) Pcoop(0)=0.9, pcn1(0)=0.1, peh2(0)=0, ¢1=0.01, b1=3.4, c=0, by=0,
wo=0.2; (B) Pcoop(0)=0.8, pcn1(0)=0.1, pcn2(0)=0.1, ¢1=0.01, b1=3.4, c2=0, b2=0, wo=0.2;
(C) Pcoop(0)=0.9, pcn1(0)=0.1, pcn2(0)=0, ¢1=0.01, b1=1.5, c2=0.025, b2=0.25, we=0.1; (D)
Pcoop(0)=0.8, pcn1(0)=0.1, pen2(0)=0.1, ¢1=0.01, b1=1.5, ¢2=0.025, b,=0.25, wo=0.1. Note
that the values of parameters used in these simulations are chosen to reflect
approximately the relation between the values observed in Fig. 1, Fig. S1, Fig. 2, and
Fig. 3.
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Supplementary text supporting Fig. $S15:

pvdS mutant can reach fixation. Our mathematical model predicts that
mutants which are winning in a competition (/asR or pvdS) would reach fixation
in our propagation experiments. We experimentally tested whether this would
happen if the propagation were prolonged in competitions with initial mutant
frequencies similar to those at the 18™ day of the competitions in Fig. 3D. The
results in Fig. S15 below show that when the competitions are initiated with
pvdS frequencies similar to those at day 18 in Fig. 3D, pvdS always reaches to
fixation when co-cultured either with WT (Fig. S15 A, B, and C), or with WT and
lasR mutant (Fig. S15 D, E, and F).

WT:pvdS in Casein + Transferrin WT:pvdS:/asR in Casein + Transferrin
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Fig. S15. Propagations of WT:pvdS ((A), (B), and (C)) and WT:/lasR:pvdS cultures ((D),
(E) and (F)) in iron-depleted casein media throughout 10 days by passing the cultures
to fresh media with a 1/1000 dilution after each 48 hours of growth (X’ axes show the
days of propagation and the initial frequencies are shown at day 0). (A) Frequency
changes of WT (purple) and pvdS (blue) in WT:pvdS co-cultures shown as stacked
bars (right 'Y’ axes) as the growth yields (CFUs/ml) of 4 biological replicates are shown
as black lines (left ‘Y’ axes). (B) A detailed presentation of the frequency changes of
pvdS in WT:pvdS co-cultures (blue). (C) A detailed presentation of the frequency
changes of WT in WT:pvdS co-cultures (purple). (D) Frequency changes of WT
(purple), pvdS (blue), and lasR (red) in WT:pvdS:lasR co-cultures shown as stacked
bars (right Y’ axes) as the growth yields (CFUs/ml) of 3 biological replicates are shown
as black lines (left ‘Y’ axes). (E) A detailed presentation of the frequency changes of

pvdS in WT:pvdS co-cultures (blue). (F) A detailed presentation of the frequency
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changes of WT (purple), and /asR (red), in WT:pvdS:lasR co-cultures. Dash lines
indicate the mean monoculture pvdS growth yields in the same media and the dotted
lines indicate SD in (A) and (D) (mean:1.35x10° CFUs/ml; +SD=1.12x10° CFUs/ml).
Dotted lines indicate full fixation of pvdS to 100% of the population in (B), (C), (E) and
(F). For (A), (B), and (C) N=4; and for (D), (E), and (F) N=3.
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Supplementary text supporting Fig. S16 — 19:

Simulations of other possible scenarios. We also simulated alternative
scenarios in an environment where both traits are needed without QS
regulation or with QS regulation (only the 15t cooperative trait is regulated by
QS):

(A) When only the cooperator of both cooperative traits (e.g. WT) and the
cheater of the 2" cooperative trait (which is not regulated by quorum
sensing, e.g. pvdS) are in competition, the cheater wins and reaches to
fixation as in the triple co-culture scenario, regardless of QS regulation of

the 18t cooperative trait (Fig. S16), while the mean fitness becomes: @ = wo

+ b1—cy;
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Fig. S16. Simulation with two strains, full cooperator (WT) + cheater for the 2™
cooperative trait, under conditions where both public goods are produced and
c2>c1. Left Y-axis show w, the mean fithess of the entire population which is a
proxy of ODsgo or CFUs/ml values prior to subculture (black lines). Right Y-axis
show the frequencies of pcoop (purple), and pez (blue). X-axis shows the
cumulative number of cell divisions as arbitrary units. The values given to the
parameters of the simulations were: pcoop(0)=0.9, pch1(0)=0, pecn2(0)=0.1, ¢1=0.01,
b1=1.5, ¢2=0.025, b,=0.25, we=0.1. The results were the same regardless if the 1%
was considered to be regulated by QS (n=30, th=0.8) or not (n=0, th=0).

(B) When only two cheaters are in 1:1 competition, the cheater that saves
the greater cost (here, the cheater of the 2" cooperative trait since c2>c1)
wins the competition and reaches to fixation regardless of QS regulation of
the 18t cooperative trait (Fig. S17), while the mean fitness becomes: @ = wo

+ b1 —cy;
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Fig. $17. Simulation with the two cheaters competing with each other, under
conditions where both public goods are produced and c2>c1. Axes as in Fig. S16.
Frequencies of peoop (purple), pent (red), and perz (blue) are shown. The values
given to the parameters of the simulations were: pcoop(0)=0, pcn1(0)=0.5,
pPe2(0)=0.5, ¢4=0.01, bs=1.5, ¢2=0.025, b,=0.25, wo=0.1. The results were the
same regardless if QS regulation for the 1% cooperative trait was considered
(n=30, th=0.8) or not (n=0, th=0).

(C) When the cooperator of the both cooperative traits (e.g. WT) is competing
with two mutants under conditions where the costs of both traits are equal
(c1=c2), both cheaters increase in frequency until both of them reach 50% of
the population (Fig. S18), similarly with or without QS regulation of the 15t

cooperative trait, while the mean fithess becomes: @ = wo+ %2 (b7 + b2 — ¢1

— C2).
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Fig. $18. Simulation for a 3-way competition with the cooperator of the both
cooperative traits competing with two cheaters, under conditions where both
public goods are produced and c2=c1. Axes as in Fig. S16. Frequencies of pcoop

(purple), pen1 (red), and penz2 (blue) are shown. The values given to the parameters
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of the simulations were: pcoop(0)=0.8, pcnr1(0)=0.1, pen2(0)=0.1, ¢1=0.025, b4=1.5,
c2=0.025, b2=0.25, we=0.1.The results were the same regardless if QS regulation
for the 15t cooperative trait was considered (n=30, th=0.8) or not (n=0, th=0).

(D) When the cooperator of the both cooperative traits (e.g. WT) is competing
with two mutants under conditions where the c1>c2, then the more drastic
tragedy inducing cheater becomes the winner of the 3-way competition. In
this case, when the 15t cooperative is not regulated by QS, the cheater of
the 15t cooperative trait wins the 3-way competition and causes a drastic
collapse, with the mean fitness: @ = wo + b2 — c2 (Fig. S19A).

However, when the 15t cooperative trait is regulated by QS, the cheater of
the 15t cooperative, while it still wins the competition, it can only increase in
frequency until the QS threshold (th=0.8) and thus, cannot reach to fixatiob
(Fig. S19B); and the mean fitness becomes:

wo+ (b1 —c1) (0.4) + (b2—c2) (0.8)

As a result, the the cooperator of the both cooperative traits (e.g. WT)
persists in the population. Therefore, presumably the population has a
greater chance to recover, if the environmental conditions change. In
conclusion, the QS regulation becomes relevant only under conditions
where the mutant for the QS-regulated trait (here the cheater of the 1t
cooperative trait) is not completely outcompeted.
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Fig. S19. Simulation for a 3-way competition with the cooperator of the both
cooperative traits competing with two cheaters, under conditions where both public
goods are produced and c1>c2. Axes as in Fig. S16. Frequencies of pcoop (purple),
pert (red) and penz (blue) are shown. The values given to the parameters of the
simulations were: (A) Pcoop(0)=0.8, pcr1(0)=0.1, pc2(0)=0.1, ¢1=0.04, b4=1.5,
c2=0.025, b;=0.25, we=0.1, n = 0, th = 0; (B) same as in (A) except n=30 and

th=0.8, as QS regulation was considered for the 15t cooperative trait.
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