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19 Abstract

20 Pathogenic bacteria engage in social interactions to colonize hosts, which
21 include quorum-sensing-mediated communication and the secretion of
22 virulence factors that can be shared as “public goods” between individuals.
23 While in-vitro studies demonstrated that cooperative individuals can be
24  displaced by “cheating” mutants freeriding on social acts, we know less about
25 social interactions in infections. Here, we developed a live imaging system to
26  track virulence factor expression and social strain interactions in the human
27 pathogen Pseudomonas aeruginosa colonizing the gut of Caenorhabditis
28 elegans. We found that shareable siderophores and quorum-sensing systems
29 are expressed during infections, affect host gut colonization, and benefit non-
30 producers. However, non-producers were unable to cheat and outcompete
31 producers. Our results indicate that the limited success of cheats is due to a
32 combination of the down-regulation of virulence factors over the course of the
33 infection, the fact that each virulence factor examined contributed to but was
34 not essential for host colonization, and the potential for negative-frequency
35 dependent selection. Our findings shed new light on bacterial social
36 interactions in infections and reveal potential limits of therapeutic approaches

37 that aim to capitalize on social dynamics between strains for infection control.
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38 Introduction

39 During infections, pathogenic bacteria secrete a wide range of extracellular
40 virulence factors to colonize and grow inside the host [1, 2]. Secreted
41  molecules include siderophores for iron scavenging, signaling molecules for
42 quorum sensing (QS), toxins to attack host cells, and matrix compounds for
43  biofilm formation [3—6]. In-vitro studies have shown that extracellular virulence
44  factors can be shared as “public goods” between cells, and thereby benefit
45 individuals other than the producing cell [7-9]. There has been enormous
46 interest in understanding how this form of bacterial cooperation can be
47  evolutionarily stable since secreted public goods can be exploited by non-
48 cooperative mutants called “cheats”, which do not engage in cooperation yet
49  still benefit from the molecules produced by others [10-12].

50

51 There is increasing evidence that social interactions and cooperator-cheat
52  dynamics might also matter within hosts [9, 13, 14]. For instance, in controlled
53 infection experiments engineered non-producers, deficient for the production
54  of specific virulence factors, could outcompete producers and thereby reduce
55 virulence [15-19], but in other cases the success of non-producers was
56 compromised [20, 21]. Other studies have followed chronic human infections
57  within patients over time and reported that virulence-factor-negative mutants
58 emerge and spread, with the mutational patterns suggesting cooperator-cheat
59 dynamics [7, 22, 23]. These findings spurred ideas of how social interactions
60 within hosts could be manipulated for therapeutic purposes [14, 24, 25].
61 Suggested approaches include: inducing cooperator-cheat dynamics to steer

62 infections towards lower virulence [7, 26]; introducing less virulent strains with
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63 medically beneficial alleles into established infections [24]; and targeting
64  secreted virulence factors to control infections and constrain the evolution of
65 resistance [25, 27-31].

66

67 However, all these approaches explicitly rely on the assumption that the social
68 traits of interest are: (i) expressed inside hosts; (ii) important for host
69 colonization; (iii) exploitable; and (iv) induce cooperator-cheat dynamics as
70  observed in vitro [9] — assumptions that have not yet been tested in real time
71 inside living hosts. Here, we explicitly test the importance of bacterial social
72  interactions within hosts by using in-vivo fluorescence microscopy to monitor
73  bacterial virulence factor production, host colonization and strain interactions,
74 using the opportunistic pathogen Pseudomonas aeruginosa and its nematode
75 model host Caenorhabditis elegans [32—34].

76

77 C. elegans naturally preys on bacteria [35]. While most bacteria are killed
78  during ingestion, a small fraction of cells survives [36], which can, in the case
79 of pathogenic bacteria, establish an infection in the gut [37]. P. aeruginosa
80 deploys an arsenal of virulence factors that facilitate successful host
81 colonization [38]. For example, the two siderophores pyoverdine and pyochelin
82 scavenge host-bound iron during acute infections to enable pathogen growth
83 [6, 39-41]. P. aeruginosa further secretes the protease elastase, the toxin
84 pyocyanin, and rhamnolipid biosurfactants to attack host tissue [7, 42, 43].
85 Production of these latter virulence factors only occurs at high cell densities

86 and is controlled by the Las and the Rhl QS-systems [44]. Because both QS-
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87 regulated virulence factors and siderophores were shown to be involved in C.
88 elegans killing [37, 45—48], we used them as focal traits for our study.

89

90 To tackle our questions, we first conducted experiments with fluorescently
91 tagged P. aeruginosa bacteria (PAO1) to follow infection dynamics, from the
92 first uptake through feeding up to a progressed state of gut infection. We then
93 constructed promoter-reporter fusions for genes involved in the synthesis of
94 the two siderophores (pyoverdine and pyochelin) and the two QS-regulators
95 (LasR and RhIR) to track in vivo virulence factor gene expression during host
96 colonization. Subsequently, we used mutant strains deficient for virulence
97 factors to determine whether they show compromised colonization abilities.
98 Finally, we followed mixed infections of wildtype and mutants over time to
99 determine the extent of strain co-localization in the gut, and to test whether
100 secreted virulence factors are indeed exploitable by non-producers in the host.
101

102 Material and methods

103  Strain and bacterial growth conditions

104 Bacterial strains, primers and plasmids used in this study are listed in the
105 Supplementary Tables S1-S3. Details on strain construction are given in the
106  Supplementary Methods. For all experiments, overnight cultures were grown
107 in 8 ml Lysogeny broth (LB) in 50 ml tubes, incubated at 37°C, 220 rpm for 18
108 hours, washed with 0.8% NaCl solution and adjusted them to ODgopo = 1.
109 Nematode Growth Media (NGM) plates [0.25% Peptone, 50 mM NacCl, 25mM
110 [PO4], 5 pg/ml Cholesterol, 1mM CaCl,, 1ImM MgSO, supplemented with

111 1.5% agar, 6 cm diameter] were seeded with 50 pl of bacterial culture and
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112 incubated at 25°C for 24 hours. All P. aeruginosa strains used in this study
113 showed equal growth on NGM exposure plates (Supplementary Figure S1).
114 Peptone was purchased from BD Biosciences, Switzerland, all other
115 chemicals from Sigma Aldrich, Switzerland.

116

117 Nematode culture

118 We used the temperature-sensitive, reproductively sterile C. elegans strain
119  JK509 (glp-1(g231) IlI). This strain reproduces at 16°C, but does not develop
120 gonads and is therefore sterile at 25°C. Worms were maintained fertile at 16°C
121 on High Growth Media (HGM) agar plates (2% Peptone, 50 mM NacCl, 25mM
122 [PO47], 20 pg/ml Cholesterol, 1mM CaCl,, 1mM MgSO.) seeded with the
123 standard food source E. coli strain OP50 [49]. For age synchronization, plates
124  were washed with sterile distilled water and adult worms were killed with
125 hypochlorite-sodium hydroxide solution to isolate eggs [49]. Eggs were placed
126  in M9 buffer (20 mM KH,PO4, 40 mM Na;HPO,4, 80 mM NaCl, 1 mM MgSO,)
127 and incubated at 16°C for 16-18 hours to hatch. Then, L1 larvae were
128 transferred to OP50-seeded HGM plates and incubated at 25°C for 28 hours
129  to reach L4 developmental stage. Worms and OP50 bacteria were provided by
130 the Caenorhabditis Genetic Center (CGC), which is supported by the National
131 Institutes of Health - Office of Research Infrastructure Programs (P40
132 OD010440).

133

134 C. elegans infection protocol

135 Synchronized L4 worms were washed from HGM plates with M9 buffer + 50

136  pg/ml kanamycin (M9-Kan), and washed three times with M9-Kan for worm
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137  surface-disinfection. Viable worms were further separated from any debris by
138 sucrose flotation [50] and rinsed three time in M9 buffer to remove sucrose.
139  The worm handling protocol for the main experiments is depicted in Figure 1A.
140  Specifically, approximately 200 worms were moved to seeded NGM plates
141 and incubated for 24 hours at 25°C. After this period of exposure to
142  pathogens, infected worms were extensively washed with M9 buffer + 50
143  pg/ml  chloramphenicol (M9-Cm) followed by M9 buffer, subsequently
144  transferred to individual wells of a 6-well plate filled with sterile M9 buffer + 5
145  pg/ml cholesterol (M9+Ch Buffer) where they were kept up to 48 hours post
146  exposure (hpe) and imaged after 0, 6 and 30 hpe.

147

148 Nematode survival assay

149  Our goal was to observe infections inside living hosts. To verify that worms
150 stayed alive during the experiment (up to 48 hpe), we tracked the survival of
151 infected population (50-90 worms) in M9-Ch buffer. Worms were observed for
152  motility at 0, 24 and 48 hpe, by prodding them with a platinum wire. Worms
153 were considered dead when they no longer responded to touches. Each
154  bacterial strain was tested in three replicates and three independent
155 experiments were carried out. We used E. coli OP50 as a negative control for
156  killing. During this observation period, worms experienced only negligible
157  killing by the colonizing bacteria, and we found no significant difference in
158  killing between the non-pathogenic E. coli food strain and the P. aeruginosa
159  strains (Supplementary Figure S2).

160

161  Microscopy setup and imaging
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162  For microscopy, we picked individual worms from the M9+Ch buffer and
163 paralyzed them with 25 mM sodium azide before transferring them to an 18-
164  well p-slide (Ibidi, Germany). All experiments were carried out at the Center for
165 Microscope and Image Analysis of the University Zirich (ZMB). For the
166 colonization experiment, images were acquired on a Leica LX inverted
167 widefield light microscope system with Leica-TX2 filter cube for mCherry
168 (emission: 560 = 40 nm, excitation: 645 £ 75 nm, DM = 595) and Leica-DFC-
169 350-FX, cooled fluorescence monochrome camera (resolution: 1392 x 1040
170 pixels) for image recording (16-bit color depth). For gene expression
171  experiments, microscopy was performed on the InCell Analyzer 2500HS (GE
172  Healthcare) automated imaging system, using polychroic beam splitter
173 BGRFR_2 (for mCherry, excitation: 575 + 25 nm, emission: 607.5 £ 19 nm)
174 and PCO — sCMOS camera (resolution: 2048 x 2048 pixels, 16-bit).

175

176 Image processing and analysis

177  To extract fluorescence measurements from individual worms, images were
178 segmented into objects and background, using an automated image
179 segmentation workflow with ilastik software [51]. Segmented images were
180 then imported in Fiji [52] to determine the fluorescence intensity (as “Raw
181 Integrated Density”, i.e. the sum of pixels values in the selection) and area of
182 each worm. Images obtained from the InCell microscope entailed 64 frames
183  (8x8 grid) with 10% overlap. These frames were stitched together using a
184 macro-automated version of the Stitching plugin in Fiji [53] prior to
185 segmentation and analysis. To correct for background and host-tissue

186 autofluorescence, we imaged, at each time point, worms infected with non-
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187 fluorescent strains (i.e. OP50 or PAO1), and used the mean intensity of these
188 control infections to subtract background fluorescence values from worms
189 infected with fluorescent strains.

190

191 Competition assay in the host

192  For in-vivo competitions between PAO1-mCherry and PAO1ApvdDApchEF or
193 PAO1lAlasR, overnight monocultures were washed twice with 0.8% NacCl
194  solution, adjusted to ODgoo= 1 and mixed at a 1:1 ratio. To control for fitness
195 effects of the mCherry marker, we also competed PAO1-mCherry against the
196 untagged PAO1l. NGM plates were then seeded with 50 pl of mixed culture
197 and incubated at 25°C for 24 hours. Worms were exposed to the mix for 24
198 hours and then recovered as previously described. After 6 and 48 hours post-
199 exposure, individual worms were picked, immobilized with sodium azide and
200 washed for 5 minutes with M9 + 0.003% NaOCI. Worms were washed twice
201  with M9 buffer. We then transferred each individual worm to a 1.5 ml screw-
202  cap micro tube (Sarstedt, Switzerland) containing sterilized glass beads (1 mm
203 diameter, Sigma Aldrich). Worms were disrupted using a bead-beater
204  (TissueLyser Il, QIAGEN, Germany), shaking at 30 Hz for 1.5 min before
205 flipping the tubes and shaking for an additional 1.5 min to ensure even
206 disruption (adapted from [54]). Tubes were then centrifuged at 2000 x g for 2
207  min, the content was re-suspended in 200 pl of 0.8% NaCl and plated on two
208 LB 1.2 % agar plates for each sample. Plates were incubated overnight at
209 37°C and left at room temperature for another 24 h to allow the fluorescent
210 marker to fully mature. We then distinguished between fluorescent and non-

211  fluorescent colonies using a custom built fluorescence imaging device (Infinity
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212 3 camera, Lumenera, Canada). We then calculated the relative fitness of
213 PAO1-mCherry as In(v)=In{[assx(1—as)]/[as*(1—ass)]}, where as and asg are the
214  frequency of PAO1-mCherry at 6 and 48 hours after recovery, respectively
215 [55]. Values of In(v)<O or In(v)>0 indicate whether the frequency of PAO1-
216  mCherry increased (In(v)< 0) or decreased (In(v)>0) relative to its competitor.
217

218 Co-localization analysis

219 To determine the degree of co-localization of two different bacterial strains in
220 the host, we transferred nematodes to NGM plates seeded with a 1:1 mix of
221  PAO1-gfp with either PAO1-mCherry, PAO1ApvdDApchEF—mCherry, or
222 PAO1lAlasR-mCherry. After a 24 hours grazing period, we picked single
223 worms and imaged both mCherry- and GFP channels, using the InCell
224 Analyzer 2500HS microscope. We used Fiji to straighten each worm with the
225  Straighten plugin [56], and extracted fluorescence intensity values in the GFP
226  and mCherry channels for each pixel from tail (X = 0) to head (X = 1) of the
227  worm. To ensure that we only measure areas where bacteria were present, we
228 restricted our analysis to the region of the worm gut, where bacterial
229  colonization takes place. We then calculated Spearman correlation coefficients
230 between the fluorescent signals, as a proxy for strain co-localization using
231  RStudio v. 3.3.0 [57].

232

233  Statistical analysis

234  All statistical analyses were performed with RStudio. We used Pearson
235 correlations to test for associations between PAO1-mCherry fluorescence

236 intensities and (a) recovered bacteria from the gut; and (b) total bacterial load

10
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237 in mixed infections. We used analysis of variance (ANOVA) to compare
238 fluorescence values between observation times, strains and for comparisons
239 to non-fluorescent controls. P-values were corrected for multiple comparisons
240 using the post-hoc Tukey HSD test. To compare promoter expression data
241  between PAO1 WT and mutant strains, and to compare relative fitness values
242  between competitors in the competition assay, we used Welch’s two-sample t-
243 test. To measure co-localization, we calculated the Spearman correlation
244  coefficient p between the intensity of mCherry and GFP signals across the
245  worm gut, and used ANOVA to test for differences between treatments.

246

247 Results

248 PAOLl colonization dynamics in the C. elegans gut

249  For all infection experiments, we followed the protocol depicted in Figure 1A-
250 C. We first exposed worms to P. aeruginosa for 24 hours on NGM plates.
251  Subsequently, worms were removed, washed, and treated with antibiotics to
252  kill external bacteria. We then imaged infected worms under the microscope at
253 different time points and quantified bacterial density and gene expression
254 using fluorescent mCherry markers. We first confirmed that mCherry
255 fluorescence is a suitable proxy for the number of live bacteria in C. elegans,
256 by comparing fluorescence intensities in whole worms (Figure 1B) to the
257 number of live bacteria recovered from the worms’ gut. Fluorescence intensity
258 values positively correlated with the bacterial load inside the nematodes, both
259 immediately after recovering the worms from the exposure plates and at 6
260 hours post exposure (hpe; Supplementary Figure S3, Pearson correlation

261  coefficient at 0 hpe: r = 0.49, t;s = 3.02, p = 0.0053; at 6 hpe: r = 0.713, ty3=

11
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262 4.88, p < 0.0001). As our goal was to image infections in living hosts, we
263 further confirmed that worms stayed alive during the observation period
264  (Supplementary Figure S2).

265

266  When following host colonization by PAO1-mCherry over time, we observed
267 that immediately after removal from the exposure plate, worms carried large
268 amounts of bacteria in their gut (Figure 1D). Subsequently, bacterial load
269  significantly declined when worms were kept in buffer for 6 hours (ANOVA: t3o;
270 = -8.55, p < 0.001) and then remained constant for the next 24 hours (tzg; =
271  0.61, p =0.529). This pattern suggests that a large number of bacteria are
272  taken up during the feeding phase, followed by the shedding of a high
273  proportion of cells, leaving behind a fraction of live bacteria that establishes an
274  infection and colonizes the worm gut.

275

276  PAOL expresses siderophore biosynthesis genes and QS regulators in
277  the host

278 We then examined whether genes involved in the synthesis of pyoverdine
279  (pvdA) and pyochelin (pchEF), and the genes encoding the QS-regulators
280 lasR and rhIR, are expressed inside hosts. Worms were exposed to four
281 different PAOL strains, each carrying a specific promoter-mCherry fusion.
282 Imaging after the initial uptake phase (0 hpe) revealed that, with the exception
283 of pchEF, all genes were significantly expressed in the host (Figure 2;
284  ANOVA, comparisons to the non-fluorescent control, for pvdA: t7s4 = 4.23, p <
285 0.001; for pchEF: t7s4 = 0.74, p = 0.461; for lasR: ty54 = 2.96, p = 0.003; for

286 rhiR: t7s4 = 10.37, p <0.001). Although fluorescence intensity declined over

12
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287 time (linear model, F1 1795 = 48.98, p < 0.001), we observed that apart from
288 pchEF, all genes were still significantly expressed during the subsequent
289  colonisation of the host at 30 hpe. (Figure 2; ANOVA, for pvdA: t7s4 = 4.87, p <
290 0.001; for pchEF: t754 = 0.684, p = 0.461; for lasR: t7s4 = 3.01, p = 0.003; for
291 rhiIR: t7s4 = 16.68, p < 0.001).

292

293 Regulatory links between social traits operate inside the host

294  We know that regulatory links exist between the virulence traits studied here.
295 While pyoverdine synthesis suppresses pyochelin production under stringent
296 iron limitation [58], the Las-QS system positively activates the Rhl-QS system
297  [44]. To test whether these links operate inside the host, we measured gene
298 expression of each trait in the negative background of the co-regulated trait
299  (Figure 3). For pvdA, we observed significant gene expression levels in both
300 the wildtype PAO1 and the pyochelin-deficient PAO1ApchEF strain (Figure
301 3A), albeit the overall expression was slightly reduced in PAO1ApchEF (t-test,
302 tpsz3 = 8.67, p < 0.001). For pchEF, expression patterns confirm the
303 suppressive nature of pyoverdine: the pyochelin synthesis gene was not
304 expressed in the wildtype but significantly upregulated in the pyoverdine-
305 deficient PAO1ApvdD strain (Figure 3B; togs = -19.68, p < 0.001). For lasR, we
306 found that gene expression was not significantly different in wildtype PAO1
307 compared to the Rhl-negative mutant PAO1ArhIR, confirming that the Las-QS
308 system is at the top of the hierarchy and not influenced by the Rhl-system
309 (Figure 3C; ty;; = -1.50, p = 0.136). Conversely, the expression of rhIR was
310 strongly dependent on a functional Las-system, and therefore only expressed

311 in PAO1, but repressed in the Las-negative mutant PAOl1AlasR (Figure 3D;

13
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312 t156 = 19.04, p < 0.001). These results show that (i) iron-limitation is strong in
313 C.elegans as PAO1 primarily invests in the more potent siderophore
314 pyoverdine; (ii) pyochelin can have compensatory effects when pyoverdine is
315 lacking; and (iii) the loss of the Las-system leads to the concomitant collapse
316  of the Rhl-system.

317

318 Virulence-factor-negative mutants show trait-specific deficiencies in host
319 colonization

320 To examine whether the ability to produce shared virulence factors is
321 important for initial bacterial uptake and host colonization, we exposed
322 C. elegans to five isogenic mutants of PAO1-mCherry, either impaired in the
323 production of pyoverdine (ApvdD), pyochelin (ApchEF), both siderophores
324  (ApvdDApchEF), the QS receptor LasR (AlasR), or the QS receptor RhIR
325 (ArhIR). After the feeding phase, the bacterial load of the wildtype and all three
326  siderophores mutants were equally abundant inside hosts, whereas bacterial
327 load was significantly reduced for the two QS-mutants compared to the
328  wildtype (Figure 4A; ANOVA, significant variation among strains Fs73s = 10.50,
329 p < 0.001; post-hoc Tukey test for multiple comparisons: p > 0.05 for all
330 siderophore mutants, p = 0.021 for PAOl14lasR, p < 0.001 for PAO1ArhIR).
331

332  As previously described for PAO1 colonization (Figure 1D), we observed that
333 the bacterial load of all strains declined at 6 hpe (Supplementary Figure S4)
334 and 30 hpe (Figure 4B) following worm removal from the exposure plates. This
335 decline was significantly more pronounced for the double-siderophore

336  knockout PAO1ApvdDApchEF than for the wildtype (Figure 4B; ANOVA, post-

14
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337 hoc Tukey test p < 0.001). In contrast, mutants deficient in pyochelin
338 (PAO1ApchEF) and RhIR (PAO1ArhIR) production showed a significantly
339 higher ability to remain in the host than the wildtype (Figure 4B; ANOVA, post-
340 hoc Tukey test p <0.001 for both strains). Taken together, our findings suggest
341 that the two siderophores can complement each other, and that only the
342 siderophore double mutant and the LasR-deficient strain have an overall
343 disadvantage in colonizing worms.

344

345 Mixed communities are formed inside hosts, but exploitation of social
346 traits is constrained

347 Given our findings on colonization deficiencies, we reasoned that the
348  siderophore-double mutant (PAOlApvdDApchEF) and the Las-deficient
349 mutant (PAO14lasR) could act as cheats and benefit from the exploitation of
350 virulence factors produced by the wildtype in mixed infections. To test this
351 hypothesis, we first competed the PAO1-mcherry strain against the untagged
352 wildtype in the host, and found that the mCherry tag had a small negative
353 effect on PAOL fitness (Figure 5A; one sample t-test, to4 = -4.12, p < 0.001).
354 We then competed PAO1-mCherry against the two putative cheats and found
355 that neither of them could gain a significant fithess advantage over the
356  wildtype, but also did not lose out (Figure 5A; ANOVA, F270 = 0.517, p =
357 0.598). These results indicate that virulence-factor-negative mutants, initially
358 compromised in host colonization, can indeed benefit from the presence of the
359  wildtype producer, but not to an extent that would allow them to increase in
360 frequency and displace producers.

361
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362  Since our mono-infection experiments showed that the wildtype can maintain
363  higher bacterial loads in the worms compared to the two mutants (Figure 4B),
364 we hypothesized that worms, which have initially taken up higher frequencies
365 of the wildtype relative to the mutant should carry increased bacterial loads in
366 the gut. We found this prediction to hold true at 6 hpe in mixed infections with
367 the two non-producers, but not in the control mixed infections with the
368 untagged wildtype (Figure 5B, 6hpe; Pearson correlation coefficient, for mixed
369 infection with PAOlA4lasR: r = 0.54, t;; = 267, p = 0.016; with
370 PAO1ApvdDApchEF: r = 0.40, t;7 = 1.77, p = 0.031; with control PAO1: r =
371 0.12, t47 = 0.47, p = 0.639). These correlations disappeared at the later
372  colonization stage (Figure 5B, 48 hpe; Pearson correlation coefficient r < 0, p
373 > 0.05 for all strains). The loss of these correlations indicates that rare
374  producers experienced a selective advantage during competition and
375 increased in relative frequency, while common producers might have lost and
376  decreased in frequency.

377

378 Strain co-localization is generally high within the host, but varies
379 substantially across individuals

380 In-vitro studies have shown that spatial proximity of cells is crucial for efficient
381 compound sharing [59, 60]. We thus assessed the co-localization of strains in
382 mixed infections inside the gut (Figure 6). We found that all worms were
383 colonized by both strains, and that the level of co-localization p (from tail to
384 head) was generally high, although it varied substantially across individuals
385 (Figure 6A-B). Similar co-localization patterns emerged for all three strain

386 combinations tested, highlighting that the type of competitor did not influence
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387 the degree of strain co-localization in the host gut (Figure 6C; ANOVA, F2102 =
388 2.17, p=0.119). While our measure of co-localization has some limitations as
389 it does not reveal physical proximity at the single cell level, and is based on a
390 2D projection of a 3D organ, it clearly suggests that competing cells are close
391 to one another, and that social interactions could occur between them.

392

393 Discussion

394 We developed a live imaging system that allows us to track host colonization
395 by pathogenic bacteria (P. aeruginosa) and their expression of virulence
396 factors inside hosts (C. elegans). We used this system to focus on the role of
397 secreted virulence factors, which can be shared as public goods between
398 bacterial cells, and examined competitive dynamics between virulence factor
399 producing and non-producing strains in the host. We found that siderophores
400 (pyoverdine and pyochelin) and the Las and Rhl QS-systems (i) are expressed
401 inside the host; (ii) affect the ability to colonize and reside within the
402 nematodes; (iii) allow non-producers to benefit from virulence factors secreted
403 by producers in mixed infections; but (iv) do not allow non-producers to cheat
404 and outcompete producers. Our results have implications for both the
405 understanding of bacterial social interactions within hosts, and therapeutic
406 approaches that aim to manipulate social dynamics between strains for
407  infection control.

408

409 Numerous in-vitro studies have shown that bacterial cooperation can be
410 exploited by cheating mutants that no longer express the social trait, but

411  benefit from the cooperative acts performed by others [3, 11, 12, 55, 61-65].
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412 These findings contrast with our observations that the spread of non-
413 producers was constrained within infections. There are multiple ways to
414  explain this constraint. First, increased spatial structure can limit the diffusion
415  of secreted metabolites and lead to the physical separation of cooperators and
416 cheats [63]. Both effects result in metabolites being shared more locally
417 among cooperative individuals. The physical separation of strains seemed to
418 explain the results of Zhou et al [20], where QS-mutants of Bacillus
419 thuringiensis infecting caterpillars could not exploit metabolites from
420 producers. Conversely, physical separation seemed low in our study system
421  (Figure 6), and therefore unlikely explains why cheats could not spread. While
422  we solely focussed on proximity patterns inside hosts, it is important to note
423 that processes at the meta-population level such as bottlenecking [54, 66], can
424  reduce the probability of different strains ending up in the same host, and thus
425  further compromise cheat success.

426

427  Second, negative frequency-dependent selection could explain why the
428 spread of virulence factor negative mutants is constrained [55]. This scenario
429 predicts that cheats only experience a selective advantage when rare, but not
430 when common. The reasoning is that non-producers can only efficiently exploit
431 public goods when surrounded by many producers. Our competition
432 experiments indeed provide indirect evidence for negative frequency-
433 dependent selection in the nematode gut (Figure 5B). Specifically, we
434  observed that bacterial load was reduced when producers occurred at low
435 frequency early during infection (6 hpe), a result confirming that non-producers

436 are worse host colonizers than producers. These correlations disappeared
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437 during the competition period (48 hpe), indicating that rare producers might
438 have experienced a selective advantage and increased in relative frequency,
439  while common producers lost and decreased in frequency.

440

441  Third, the relatively low bacterial density in the gut could further compromise
442  the ability of non-producers to cheat (Figure 1D, 5B). Low cell density restricts
443 the sharing and exploitation of secreted compounds [67, 68]. Mechanisms
444  responsible for the low bacterial density in the gut (Figure 1D, 5B) could
445 include the peristaltic activity of the gut, expelling a part of the pathogen
446  population and the host immune system, killing a fraction of the bacteria [69].
447

448  Fourth, our analysis reveals that, although siderophores and QS-systems play
449 a role in host colonization, they are not essential (Figure 4). Moreover, the
450 expression of pyoverdine and QS-systems declined over time (Figure 2).
451 These two observations indicate that the benefits of cheating might be fairly
452 low, and that the costs of virulence factor production are reduced at later
453 stages of the infection. Thus, bacteria might switch from production to
454  recycling of already secreted public goods [70, 71], an effect that can hamper
455  the spread of cheats.

456

457  Finally, we show that the regulatory linkage between traits is an important
458 factor to consider when predicting the putative advantage of non-producers
459 [72, 73]. For instance, P.aeruginosa pyoverdine-negative-mutants
460 upregulated pyochelin production to compensate for the lack of their primary

461 siderophore (Figure 3). Thus, if pyoverdine-negative mutants evolve de novo,
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462 their spread as cheats could be hampered because they invest in pyochelin as
463 an alternative siderophore [74]. For QS, meanwhile, we observed that the
464  absence of a functional Las-system resulted in the concomitant collapse of the
465 Rhl-system. Although lasR mutants could be potent cheats, as they are
466  deficient for multiple social traits, their spread might be hampered because
467 QS-systems also regulate non-social traits, important for individual fitness [75].
468

469 When relating our insights to previous studies, it turns out that earlier work
470 produced mixed results with regard to the question whether siderophore- and
471  QS-deficient mutants can spread within infections. While Harrison et al. ([15,
472  21]; pyoverdine, P. aeruginosa in Galleria mellonella and ex-vivo infection
473 models) and Zhou et al. ([20]; QS, B. thuringiensis in Plutella xylostella)
474  showed that the spread of non-producers is constrained, Rumbaugh et al.
475  ([16, 17]; QS; P. aeruginosa in mice), Pollitt et al. ([19]; QS, Staphylococcus
476 aureus in G. mellonella) and Diard et al. ([18], T3SS-driven inflammation,
477  Salmonella typhimorium in mice) demonstrated cases where non-producers
478  spread to high frequencies in host populations. While the reported results were
479 based on strain frequency counts before and after competition, we here show
480 that information on social trait expression, temporal infection dynamics and
481 physical interactions among strains within hosts are essential to understand
482  whether social traits are important and exploitable in a given system. We thus
483  posit that more such detailed approaches are required to understand the
484  importance of bacterial social interactions across host systems and infection
485  contexts and explain differences between them.

486
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487 A deeper understanding of bacterial social interactions inside hosts is
488 particularly relevant for novel therapeutic approaches that seek to take
489 advantage of cooperator-cheat dynamics inside hosts to control infections. For
490 instance, it was proposed that strains deficient for virulence factors could be
491 introduced into established infections [24]. These strains are expected to
492 spread because of cheating, thereby reducing the overall virulence factor
493 availability in the population and the damage to the host. Our results reveal
494  that virulence-factor-negative strains, although eventually gaining a benefit
495 from producer strains, are unable to spread in populations. Another
496 therapeutic approach involves the specific targeting of secreted virulence
497  factors [25, 27]. This approach is thought to reduce damage to the host and to
498 compromise resistance evolution [30]. Resistant mutants, resuming virulence
499 factor production, are not expected to spread because they would act as
500 cooperators, sharing the benefit of secreted goods with susceptible strains
501 [76-78]. Our results yet indicate that such resistant mutants could get local
502 benefits and thus increase to a certain frequency in the population [31]. These
503 confrontations show that the identification of key parameters driving social
504 interactions across hosts and infection types is of utmost importance to predict
505 the success of ‘cheat therapies’ and anti-virulence strategies targeting
506 secreted public goods.
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743  Figure captions

744  Figure 1. Quantifying P. aeruginosa infections in the C. elegans gut. (A)
745  Experimental procedure: we used fluorescently tagged P. aeruginosa strains
746 to examine bacterial colonization of the C. elegans gut. Per experiment, we
747  exposed approximately 200 C. elegans nematodes to a lawn of mCherry-
748 tagged PAOL strains for 24 hours. Subsequently, nematodes were removed
749  from the bacterial plate, surface washed and collected in sterile buffer for
750 monitoring. After 0, 6, or 30 hours post exposure (hpe), approximately 30
751 nematodes were immobilized and transferred to microscopy slides for imaging.
752  (B) Brightfield and fluorescence channel merged image depicting mCherry-
753 fluorescent bacteria inside the host gut. (C) Bacterial load inside the nematode
754  was quantified as the sum of fluorescence intensity across pixels in the region
755  of interest “ROI" (yellow outline) and standardised by total worm area. (D)
756  Colonization dynamics of the wildtype strain PAO1-mCherry: immediately after
757  removal from the exposure plate (0O hpe), worms showed high bacterial loads
758 inside their guts. Bacterial load first declined when the worms where kept in
759  buffer for 6 hours, but then remained constant for the next 24 hours. Grey

760 shaded area indicates background fluorescence (mean +/- standard deviation)

761 of worms exposed to the non-fluorescent, non-pathogenic E.coli OP50. N

762  number of worms from four independent experiments. *** = p < 0.001, n.s.
763  not statistically significant.

764

765 Figure 2. P. aeruginosa expresses genes for pyoverdine synthesis and
766 quorum sensing regulators in the host gut. To quantify the expression of

767 virulence factor genes inside hosts, worms were exposed to four PAO1
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768 strains, each containing a promoter:mCherry fusion for either pvdA
769 (pyoverdine synthesis), pchEF (pyochelin synthesis), lasR or rhIR (quorum
770  sensing regulators). With the exception of pchEF, all genes were significantly
771  expressed in the host, both at 0 and 30 hpe. Expression levels were
772 standardised for bacterial load. Grey shaded areas depict background
773  fluorescence (mean +/- standard deviation) of worms exposed to the non-
774  fluorescent, non-pathogenic E.coli OP50. N = number of worms from four
775 independent experiments. * = p < 0.05; ** = p < 0.01, ** = p < 0.001, n.s. = not
776  statistically significant.

777

778 Figure 3. P. aeruginosa can switch between siderophores, while quorum
779 sensing regulators act hierarchically. Because virulence traits are linked at
780 the regulatory level, we measured gene expression of each trait in the
781 negative background of the co-regulated trait. (A) The expression of the
782  pyoverdine synthetic gene pvdA is significantly expressed in the wildtype and
783  the pyochelin-negative background, but slightly reduced in the latter. (B) The
784  pyochelin synthetic gene pchEF is significantly expressed in the pyoverdine-
785 negative background, but silent in the wildtype. (C) The expression of the QS-
786 regulator gene lasR is unchanged in the Rhl-negative background compared
787  to the wildtype. (D) The expression of the QS-regulator gene rhiR is reduced in
788 the Las-negative background. Expression levels were standardised for
789 bacterial load. Grey shaded areas depict background fluorescence (mean +/-
790 standard deviation) of worms exposed to the non-fluorescent, non-pathogenic
791  E.coli OP50. N = number of worms form four independent experiments. * = p <

792 0.05;**=p<0.01, ** =p <0.001, n.s. = not statistically significant.
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793

794  Figure 4. Virulence factor production affects bacterial uptake and host
795 colonization ability. (A) Bacterial load inside C. elegans guts measured
796 immediately after the recovery of worms from the exposure plates (0O hours
797  post exposure; hpe). Comparisons across isogenic PAO1 mutant strains, each
798  deficient for the production of one or two virulence factors, reveal that the two
799  quorum-sensing mutants PAO1AlasR and PAO1ArhIR reached lower bacterial
800 densities than the wildtype. (B) Comparison of the relative colonization
801 success of strains (ratio of bacterial loads at 0 hpe versus 30 hpe) revealed
802 that the siderophore-negative strain PAO1ApvdDApchEF showed significantly
803 reduced ability to remain in the host compared to the wildtype. In contrast, the
804  colonisation success of PAO1ApchEF and PAO1ArhIR was increased relative
805 to the wildtype. Grey shaded areas depict background fluorescence (mean +/-
806 standard deviation) of worms exposed to the non-fluorescent, non-pathogenic
807  E.coli OP50. N = number of worms form four independent experiments. * = p <
808 0.05;* =p<0.01, ** =p<0.001.

809

810 Figure 5. Mixed infections reveal social strain dynamics but no
811 successful cheating. (A) Relative fitness of the wildtype PAO1-mCherry after
812 42 hours of competition inside the C. elegans gut against an untagged PAO1
813 control strain; the siderophore-negative strain PAO1ApvdDApchEF; and the
814 Las-negative strain PAO1AlasR. The control competition revealed a mild but
815 significant negative effect of the mCherry tag on wildtype fitness. When
816  accounting for these mCherry costs, we found that the putative cheat strains

817 PAO1 AlasR and PAO1 ApvdDApchEF performed equally well compared to
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818 the wildtype, but could not outcompete it. This suggests that virulence factor
819 deficient strains benefit from the presence of non-producers but cannot
820 successfully cheat on them. (B) At 6 hpe, wildtype frequency in mixed
821 infections correlated positively with total bacterial load inside hosts in
822 competition with PAO1lAlasR (squares and dashed Ilines) and
823 PAO1ApvdDApchEF (diamonds and dotted lines) but not in the control
824  competition (circles and solid lines). These correlations disappeared at 48 hpe.
825 Each data point represents an individual worm. Data shown in A+B stem from
826 the same three independent experiments.

827

828 Figure 6. Spatial structure of mixed infections in the nematode gut. (A, B)
829 lllustrative examples of C. elegans individuals infected with a mixture of GFP-
830 and mCherry-labelled strains. Each worm was computationally straightened
831 and fluorescence intensity values were extracted for each pixel from tail (X=0)
832 to head (X=1). We then calculated the Spearman correlation coefficient p
833 between the intensity values in the two fluorescence channels across pixels,
834 as our estimate of strain colocalization. Examples show worms with high (A)
835 and low (B) degrees of colocalization. (C) Patterns of colocalization levels
836 varied substantially between individuals, but did not differ across strain
837 combinations (p = 0.119: wildtype PAO1-mCherry versus: (i) wildtype PAO1-
838  gfp (circles), (i) PAO1ApvdDApchEF-mCherry (diamonds) or (iii) PAO1AlasR-
839 mCherry (squares). Each data point represents an individual worm. Data

840 stems from 3 independent experiments, with 12 replicates each.
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