
 1

In vivo microscopy reveals the impact of Pseudomonas aeruginosa 

social interactions on host colonization 2 

Chiara Rezzoagli1*, Elisa T. Granato2, Rolf Kümmerli1* 

1Department of Plant and Microbial Biology, University of Zurich, Zurich, 4 

Switzerland 

2Department of Zoology, University of Oxford, Oxford, United Kingdom 6 

 

* Corresponding authors: 8 

Chiara Rezzoagli or Rolf Kümmerli, Department of Plant and Microbial 

Biology, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, 10 

Switzerland.   

Email: chiara.rezzoagli@uzh.ch (CR), rolf.kuemmerli@uzh.ch (RK).  12 

Phone: +41 44 635 48 01. 

 14 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 

The copyright holder for this preprint (which wasthis version posted December 7, 2018. ; https://doi.org/10.1101/488262doi: bioRxiv preprint 

https://doi.org/10.1101/488262
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2

Abstract 

Pathogenic bacteria engage in social interactions to colonize hosts, which 16 

include quorum-sensing-mediated communication and the secretion of 

virulence factors that can be shared as “public goods” between individuals. 18 

While in-vitro studies demonstrated that cooperative individuals can be 

displaced by “cheating” mutants freeriding on social acts, we know little about 20 

social interactions in infections. Here, we developed a live imaging system to 

track virulence factor expression and social strain interactions in the human 22 

pathogen Pseudomonas aeruginosa colonizing the gut of Caenorhabditis 

elegans. We found that shareable siderophores and quorum-sensing systems 24 

are expressed during infections, affect host gut colonization, and benefit non-

producers. However, non-producers were unable to cheat and outcompete 26 

producers, probably due to the spatial segregation of strains within the gut. 

Our results shed new light on bacterial social interactions in infections and 28 

reveal potential limits of therapeutic approaches that aim to capitalize on 

social dynamics between strains for infection control. 30 
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Introduction 

During infections, pathogenic bacteria secrete a wide range of extracellular 32 

virulence factors in order to colonize and grow inside the host (Rahme et al., 

1995; Wu et al., 2008; Balasubramanian et al., 2013). Secreted molecules 34 

include siderophores for iron scavenging, signaling molecules for quorum 

sensing (QS), toxins to attack host cells, and matrix compounds for biofilm 36 

formation (Diggle et al., 2007; West et al., 2007; Henkel et al., 2010; Flemming 

et al., 2016; Granato et al., 2016). In-vitro studies have shown that 38 

extracellular virulence factors can be shared as “public goods” between cells, 

and thereby benefit individuals other than the producing cell (Köhler et al., 40 

2009; Raymond et al., 2012; Harrison, 2013). There has been enormous 

interest in understanding how this form of bacterial cooperation can be 42 

evolutionarily stable, because secreted public goods can be exploited by non-

cooperative mutants called “cheats”, which do not engage in cooperation yet 44 

still benefit from the molecules produced by others (Griffin et al., 2004; Diggle 

et al., 2007; West et al., 2007; Ross-Gillespie et al., 2007; Sandoz et al., 2007; 46 

Kümmerli et al., 2009a, 2015; Popat et al., 2012; Ghoul et al., 2014; O’Brien et 

al., 2017; Özkaya et al., 2018). 48 

  

There is increasing evidence that social interactions and cooperator-cheat 50 

dynamics might also matter within hosts (West and Buckling, 2003; Buckling 

and Brockhurst, 2008; Harrison, 2013; Leggett et al., 2014). For instance, in a 52 

set of controlled infection experiments, it was shown that engineered non-

producers, deficient for the production of specific virulence factors, can 54 

outcompete producers and thereby reduce virulence (Harrison et al., 2006; 
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Rumbaugh et al., 2009, 2012; Pollitt et al., 2014), but there are also cases 56 

where the success of non-producers was compromised (Zhou et al., 2014; 

Harrison et al., 2017). Other studies have followed chronic human infections 58 

within patients over time and reported that virulence-factor-negative mutants 

emerge and spread, with the mutational patterns suggesting cooperator-cheat 60 

dynamics (Köhler et al., 2009; Andersen et al., 2015, 2018). These findings 

spurred ideas of how social interactions within hosts could be manipulated for 62 

therapeutic purposes (Brown et al., 2009; Allen et al., 2014; Leggett et al., 

2014). Suggested approaches include (i) the induction of cooperator-cheat 64 

dynamics to steer infections towards lower virulence (Köhler et al., 2009; 

Granato et al., 2018), (ii) the introduction of less virulent strains with medically 66 

beneficial alleles into established infections (Brown et al., 2009), and (iii) the 

specific targeting of secreted virulence factors to control infections (Clatworthy 68 

et al., 2007; Rasko and Sperandio, 2010) and to constrain the evolution of 

resistance (André and Godelle, 2005; Pepper, 2012; Allen et al., 2014; 70 

Rezzoagli et al., 2018).  

 72 

However, all of these approaches explicitly rely on the assumption that the 

social traits of interest are: (i) expressed inside hosts; (ii) important for host 74 

colonization; (iii) exploitable; and (iv) induce cooperator-cheat dynamics as 

observed in vitro (Harrison, 2013) – assumptions that have not yet been tested 76 

in real time inside living hosts. Here, we explicitly test the importance of 

bacterial social interactions within hosts by using in-vivo fluorescence 78 

microscopy to monitor bacterial virulence factor production, host colonization 

and strain interactions in a model system, which consist of the opportunistic 80 
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pathogen Pseudomonas aeruginosa infecting the nematode 

Caenorhabditis elegans (Tan and Ausubel, 2000; Ewbank, 2002; Papaioannou 82 

et al., 2013; Utari and Quax, 2013).  

 84 

C. elegans naturally preys on bacteria (Félix and Braendle, 2010). While most 

bacteria are killed during ingestion, a small fraction of cells survives (Portal-86 

Celhay et al., 2012), which can, in the case of pathogenic bacteria, establish 

an infection in the gut (Tan et al., 1999). P. aeruginosa deploys an arsenal of 88 

virulence factors that facilitate successful host colonization (Nadal Jimenez et 

al., 2012). For example, the two siderophores pyoverdine and pyochelin 90 

scavenge host-bound iron during acute infections to enable pathogen growth 

(Meyer et al., 1996; Takase et al., 2000; Cornelis and Dingemans, 2013; 92 

Parrow et al., 2013; Becker and Skaar, 2014; Granato et al., 2016). 

P. aeruginosa further secretes the protease elastase, the toxin pyocyanin, and 94 

rhamnolipid biosurfactants to attack host tissue (Smith and Iglewski, 2003; 

Alibaud et al., 2008; Köhler et al., 2009; Rumbaugh et al., 2009; Zaborin et al., 96 

2009). Production of these latter virulence factors only occurs at high cell 

densities and is controlled by the Las and the Rhl quorum sensing (QS) 98 

systems (Lee and Zhang, 2015). Because both the QS-regulon and 

siderophores were shown to be involved in C. elegans killing (Mahajan-Miklos 100 

et al., 1999; Tan et al., 1999; Papaioannou et al., 2009; Zaborin et al., 2009; 

Cezairliyan et al., 2013; Kirienko et al., 2013; Zhu et al., 2015), we used them 102 

as focal traits for our study.  

 104 
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To tackle our questions, we first conducted experiments with fluorescently 

tagged P. aeruginosa bacteria (PAO1) to follow infection dynamics from first 106 

uptake, through feeding and up to a progressed state of gut infection. We then 

constructed promoter gene fusions for genes involved in the synthesis of the 108 

two siderophores (pyoverdine and pyochelin) and the two QS-regulators (LasR 

and RhlR) to track in vivo virulence factor gene expression during host 110 

colonization. Subsequently, we used single and double mutant strains 

deficient for virulence factors to determine whether they show compromised 112 

colonization abilities. And most crucially, we followed mixed infections of 

wildtype and mutants over time to determine the extent of strain co-localization 114 

in the gut, and to test whether secreted virulence factors are indeed 

exploitable by non-producers in the host. 116 

 

Results 118 

PAO1 colonization dynamics in the C. elegans gut  

For all our infection experiments, we followed the protocol depicted in Figure 120 

1A-C. We first exposed worms to P. aeruginosa for 24 hours on a nutrient 

plate. Subsequently, worms were removed, washed, and treated with 122 

antibiotics to kill external bacteria. We then imaged infected worms under the 

microscope at different time points and quantified bacterial density and gene 124 

expression profiles using fluorescent mCherry markers. We first confirmed that 

mCherry fluorescence is a suitable proxy for the number of live bacteria in 126 

C. elegans, by comparing the fluorescence intensities in whole worms 

(Figure 1B) to the number of live bacteria recovered from the worms’ gut. We 128 

found that fluorescence intensity values positively correlated with the bacterial 
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load inside the nematodes, both immediately after recovering the worms from 130 

the exposure plates and at 6 hours post exposure (hpe; Supplementary Figure 

S1, Pearson correlation coefficient at 0 hpe: r = 0.49, t28 = 3.02, p = 0.0053; at 132 

6 hpe: r = 0.713, t23 = 4.88, p < 0.0001). As our goal was to image infections in 

living hosts, we further confirmed that worms stayed alive during the 134 

observation period (Supplementary Figure S2).  

 136 

When using fluorescence intensity to follow host colonization by the wildtype 

PAO1-mCherry strain over time, we observed that immediately after removal 138 

from the exposure plate, worms carried large amounts of bacteria in their gut 

(Figure 1D). Subsequently, bacterial load significantly declined when the 140 

worms were kept in buffer for 6 hours (ANOVA: t391 = -8.55, p < 0.001) and 

remained constant for the next 24 hours (t391 = 0.61, p = 0.529). This pattern 142 

suggests that a large number of bacteria are taken up during the feeding 

phase, of which a high proportion is shed afterwards, leaving behind a fraction 144 

of live bacteria that establishes an infection and colonizes the worm gut. 

 146 

PAO1 expresses siderophore biosynthesis genes and QS regulators in 

the host 148 

We then examined whether genes involved in the synthesis of pyoverdine 

(pvdA) and pyochelin (pchEF), and the genes lasR and rhlR encoding two 150 

major QS-regulators, are expressed inside hosts. Worms were exposed to four 

different PAO1 wildtype strains each carrying a specific promoter-mCherry 152 

gene reporter fusion. Imaging after the initial uptake phase (0 hpe) revealed 

that, with the exception of pchEF, all genes were significantly expressed in the 154 
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host (Figure 2; ANOVA, comparisons to the non-fluorescent control, for pvdA: 

t754 = 4.23, p <0.001; for pchEF: t754 = 0.74, p = 0.461; for lasR: t754 = 2.96, p = 156 

0.003; for rhlR: t754 = 10.37, p <0.001). Although fluorescence intensity 

declined over time (linear model, F1,1795 = 48.98, p < 0.001), we observed that 158 

apart from pchEF, all genes were still significantly expressed at 30 hpe (Figure 

2; ANOVA, for pvdA: t754 = 4.87, p <0.001; for pchEF: t754 = 0.684, p = 0.461; 160 

for lasR: t754 = 3.01, p = 0.003; for rhlR: t754 = 16.68, p <0.001). These results 

suggest that the siderophore pyoverdine and QS-regulated traits may be 162 

important for both initial uptake and subsequent colonisation of the host.  

 164 

Regulatory links between social traits operate inside the host 

We know that regulatory links exist between the virulence traits studied here. 166 

While pyoverdine synthesis suppresses pyochelin production under stringent 

iron limitation (Dumas et al., 2013), the Las-QS system positively activates the 168 

Rhl-QS system (Lee and Zhang, 2015). To test whether these links operate 

inside the nematode host, we measured gene expression of each trait in the 170 

negative background of the co-regulated trait (Figure 3). For pvdA, we 

observed significant gene expression levels in both the wildtype PAO1 and the 172 

pyochelin-deficient PAO1 ΔpchEF strain (Figure 3A), albeit the overall 

expression was slightly reduced in PAO1 ΔpchEF (t-test, t253 = 8.67, p < 174 

0.001). For pchEF, expression patterns confirm the suppressive nature of 

pyoverdine: the pyochelin synthesis gene was not expressed in the wildtype 176 

but significantly upregulated in the pyoverdine-deficient PAO1 ΔpvdD strain 

(Figure 3B; t296 = -19.68, p < 0.001). For lasR, we found that gene expression 178 

was not significantly different in the wildtype PAO1 compared to the Rhl-
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negative mutant PAO1 ΔrhlR, confirming that the Las-QS system is at the top 180 

of the hierarchy and not influenced by the Rhl-system (Figure 3C; t211 = -1.50, 

p = 0.136,). Conversely, the expression of rhlR was strongly dependent on a 182 

functional Las-system, and therefore only expressed in the wildtype PAO1, but 

repressed in the Las-negative mutant PAO1 ΔlasR (Figure 3D; t156 = 19.04, p 184 

< 0.001,). Taken together, these analyses show that (i) iron-limitation is strong 

in C. elegans as the wildtype primarily invests in the more potent siderophore 186 

pyoverdine; (ii) pyochelin can potentially have compensatory effects when 

pyoverdine is lacking; and (iii) the loss of the Las-system leads to the 188 

concomitant collapse of the Rhl-system. 

 190 

Virulence-factor-negative mutants show trait-specific deficiencies in host 

colonization 192 

To examine whether the ability to produce shared virulence factors is 

important for initial bacterial uptake and host colonization, we exposed 194 

C. elegans to five isogenic mutants of the PAO1-mCherry strain, either 

impaired in the production of pyoverdine (ΔpvdD), pyochelin (ΔpchEF), both 196 

siderophores (ΔpvdDΔpchEF), the QS receptor LasR (ΔlasR), or the QS 

receptor RhlR (ΔrhlR). When analyzing bacterial load after the feeding phase, 198 

we observed that the wildtype and all three siderophores mutants were equally 

abundant inside hosts, whereas bacterial load was significantly reduced for the 200 

two QS-mutants compared to the wildtype (Figure 4A; ANOVA, significant 

variation among strains F5,736 = 10.50, p < 0.001; post-hoc Tukey test for 202 

multiple comparisons: p > 0.05 for all siderophore mutants, p = 0.021 for 

PAO1 ΔlasR, p < 0.001 for PAO1 ΔrhlR). 204 
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Consistent with our findings for PAO1 wildtype colonization (Figure 1D), we 206 

observed that the bacterial load of all strains declined at 6 hpe (Supplementary 

Figure S3) and 30 hpe (Figure 4B) following worm removal from the exposure 208 

plates. This decline was significantly more pronounced for the double-

siderophore knockout PAO1 ΔpvdDΔpchEF than for the wildtype (Figure 4B; 210 

ANOVA, post-hoc Tukey test p < 0.001). In contrast, we found that the 

mutants deficient in pyochelin (PAO1 ΔpchEF) and RhlR (PAO1 ΔrhlR) 212 

production showed a significantly higher ability to remain in the host than the 

wildtype (Figure 4B; ANOVA, post-hoc Tukey test p <0.001 for both strains). 214 

Taken together, our findings suggest that the two siderophores can 

complement each other, and that only the siderophore double mutant and the 216 

LasR-deficient strain have an overall disadvantage in colonizing worms.   

 218 

Mixed communities are formed inside hosts, but exploitation of social 

traits is constrained 220 

Given our findings on colonization deficiencies, we reasoned that the 

siderophore-double mutant (PAO1 ΔpvdDΔpchEF) and the Las-deficient 222 

mutant (PAO1 ΔlasR) could act as cheats and benefit from the exploitation of 

virulence factors produced by the wildtype in mixed infections. To test this 224 

hypothesis, we first competed the wildtype PAO1-mcherry against the 

untagged PAO1 strain in the host, and found that the mCherry tag had a small 226 

but negative effect on PAO1 fitness (Figure 5A; one sample t-test, t24 = -4.12, 

p < 0.001). We then competed the wildtype PAO1-mcherry against the two 228 

putative cheats in the host and found that neither of the two mutants could 
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gain a significant fitness advantage over the wildtype, but also did not lose out 230 

(Figure 5A; ANOVA, F2,70 = 0.517, p = 0.598). These results indicate that 

mutants, deficient for virulence factor production and compromised in host 232 

colonization, can indeed benefit from the presence of the wildtype producer, 

but not to an extent that would allow them to increase in frequency and 234 

displace producers. 

 236 

Since the wildtype alone was able to maintain higher bacterial loads in the 

worms compared to the two mutants (Figure 4B), we hypothesized that 238 

frequencies of the wildtype in mixed infections should positively correlate with 

the total bacterial load in the gut. Consistent with our predictions, we found 240 

that at 6 hpe, the frequency of wildtype PAO1-mCherry positively correlated 

with bacterial load in mixed infections with the two non-producers, but not in 242 

the control mixed infections with the untagged wildtype (Pearson correlation 

coefficient, r = 0.54, t17 = 2.67, p = 0.016 (PAO1 ΔlasR), r = 0.40, t17 = 1.77, p 244 

= 0.031 (PAO1 ΔpvdDΔpchEF); r = 0.12, t17 = 0.47, p = 0.639 (PAO1)). These 

correlations disappeared at the later colonization stage (48 hpe; Pearson 246 

correlation coefficient r < 0 for all strains). 

 248 

Spatial distribution and strain co-localization varies substantially across 

host individuals  250 

Previous in-vitro studies have shown that the spatial proximity of cells is 

crucial for the efficient sharing of secreted compounds (Kümmerli et al., 252 

2009a; Van Gestel et al., 2014; Scholz and Greenberg, 2015; Weigert and 

Kümmerli, 2017). To assess spatial proximity of co-infecting strains in vivo, we 254 
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imaged worms exposed to a mix of two strains tagged with either GFP or 

mCherry and determined strain co-localization in the host (Figure 6). We found 256 

that all worms were colonized by both strains, but co-localization within the 

worm varied greatly across individuals. Specifically, the correlation between 258 

mCherry and GFP fluorescence from tail to head ranged from almost perfect 

co-localization in some worms (Figure 6A; r = 1,) to near complete spatial 260 

segregation in other individuals (Figure 6B; r < 0,). Similar co-localization 

patterns emerged for all three strain combinations tested, highlighting that the 262 

type of competitor did not influence the degree of strain co-localization in the 

host gut (Figure 6C; ANOVA, F2,102 = 2.17, p =0.119). Important to note in this 264 

context is that we calculated co-localization based on a 2-dimensional 

projection of a 3-dimensional organ (i.e. the gut), which might overestimate the 266 

level of co-localization along the z-axis. 

 268 

Discussion 

We developed a live imaging system that allows us to track host colonization 270 

by pathogenic bacteria (P. aeruginosa) and the expression of bacterial 

virulence factors inside hosts (C. elegans). We used this system to focus on 272 

the role of secreted virulence factors, which can be shared as public goods 

between bacterial cells, and examined competitive dynamics between 274 

virulence factor producing and non-producing strains in the host. We found 

that the two shareable siderophores pyoverdine and pyochelin and the social 276 

Las and Rhl quorum-sensing systems: (i) are expressed inside the host, (ii) 

affect the ability to colonize and reside within the nematodes; (iii) allow non-278 

producers to benefit from virulence factors secreted by producers in mixed 
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infections; but (iv) do not allow non-producers to cheat and outcompete 280 

producers. Our results have implications for both the understanding of 

bacterial social interactions within hosts, and therapeutic approaches that seek 282 

to take advantage of social dynamics between strains for infection control. 

 284 

Numerous in-vitro studies have shown that cooperative bacterial cooperation 

can be exploited by cheating mutants that no longer express the social trait, 286 

but benefit from the cooperative acts performed by others (Griffin et al., 2004; 

Diggle et al., 2007; West et al., 2007; Ross-Gillespie et al., 2007; Sandoz et 288 

al., 2007; Kümmerli et al., 2009a, 2015; Popat et al., 2012; Ghoul et al., 2014; 

O’Brien et al., 2017; Özkaya et al., 2018). While these studies showed that 290 

cheating allows non-producers to out-compete producers, we found that the 

spread of non-producers was constraint within infections. There are multiple 292 

reasons that could explain this constraint. First, increased spatial structure is 

known to limit bacterial dispersal and the diffusion of secreted metabolites 294 

(Kümmerli et al., 2009a; Weigert and Kümmerli, 2017). As a consequence, 

metabolite sharing becomes more local, i.e. among clonal neighbors in 296 

growing microcolonies, which restricts non-producers in accessing the public 

goods. In infection systems such as ours, where bacteria attach to host tissue, 298 

spatial structure is likely high, and public good sharing might be limited. 

Indeed, as shown in Figure 6, co-infecting strains within the worm gut can be 300 

strongly spatially segregated, which could explain the limits of cheating. Taken 

together, our results are in line with work by Zhou et al (2014) who showed 302 

that QS-mutants of Bacillus thuringiensis infecting an insect caterpillar could 
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not exploit metabolites from producers because they were spatially separated 304 

in the host.  

 306 

Second, negative frequency-dependent selection could explain why the 

spread of virulence factor negative mutants is constrained (Ross-Gillespie et 308 

al., 2007). This scenario predicts that cheaters only experience a selective 

advantage when rare, because then they are surrounded by producers and 310 

can exploit public goods most efficiently. At high frequency, meanwhile, non-

producers might be selected against because the accessibility of public goods 312 

is reduced. The results from our competition assay provide indirect evidence 

for negative frequency-dependent selection in the nematode gut (Figure 5B). 314 

Specifically for mixed infections, we observed that bacterial load was reduced 

when producers occurred at low frequency early during infection (6 hpe), but 316 

not later on (48 hpe). This pattern is compatible with the view that rare 

producers have a selective advantage, increase in relative frequency and 318 

restore bacterial load.  

 320 

Third, the relatively low bacterial density observed in the gut could further 

compromise the ability of non-producers to cheat (Figure 1D, 5B). Low cell 322 

density restricts the sharing and therefore also the exploitation of secreted 

compounds (Ross-Gillespie et al., 2009; Van Gestel et al., 2014; Scholz and 324 

Greenberg, 2015). Mechanisms that contribute to the persistent low bacterial 

density in the gut (Figure 1D, 5B) could include the peristaltic activity of the 326 

gut, constantly expelling a part of the pathogen population and the host 
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immune system, killing a fraction of the bacteria (Pukkila-Worley and Ausubel, 328 

2012).  

 330 

Fourth, our analysis reveals that the expression of pyoverdine and QS-

systems decline over time during host colonization (Figure 2). This could mean 332 

that the costs and benefits of shared virulence factors are reduced at later 

stages of the infection, or that bacteria switch from the production to the 334 

recycling of already secreted public goods (Imperi et al., 2009; Kümmerli and 

Brown, 2010). The spread of non-producers might be hampered in this case 336 

because the exploitability of a trait depends on its expression level (Kümmerli 

et al., 2009b; Jiricny et al., 2010). 338 

 

Finally, our analysis shows that the regulatory linkage between traits is an 340 

important factor to consider when predicting the putative advantage of non-

producers (Ross-Gillespie et al., 2015; Lindsay et al., 2016; dos Santos et al., 342 

2018). For instance, we found that P. aeruginosa mutants deficient for 

pyoverdine production upregulated pyochelin to compensate for the lack of 344 

their primary siderophore (Figure 3). Thus, if pyoverdine-negative mutants 

evolve de novo, their spread as cheaters could be hampered because they 346 

invest in pyochelin as an alternative public good (Ross-Gillespie et al., 2015). 

For QS, meanwhile, we observed that the absence of a functional Las-system 348 

resulted in the concomitant collapse of the Rhl-system. Although lasR mutants 

could be potent cheats as they are deficient for multiple social traits, their 350 

spread might be hampered because QS-systems also regulate non-social 

traits, which are important for individual fitness (Dandekar et al., 2012). In the 352 
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context of infections, lasR-mutants evolve frequently, with their spread being 

partly attributable to cheating, but also to modifications in the QS-hierarchy 354 

and a shift from a pathogenic to a commensalistic lifestyle (Jansen et al., 

2015; Feltner et al., 2016; Granato et al., 2018).  356 

 

When relating our work to previous studies, it turns out that earlier work 358 

produced mixed results with regard to the question whether siderophore- and 

QS-deficient mutants can spread in infections. Harrison et al. (2006, 2017; 360 

pyoverdine, P. aeruginosa in Galleria mellonella and a range of ex-vivo 

infection models) and Zhou et al. (2014; QS, B. thuringiensis in Plutella 362 

xylostella) showed that the spread of non-producers is constrained, whereas 

Rumbaugh et al. (2009, 2012; QS; P. aeruginosa in mice) and Pollitt et al. 364 

(2014; QS, Staphylococcus aureus in G. mellonella) demonstrated cases 

where non-producers spread to high frequencies in host populations. While 366 

the reported results were mainly based on count data (i.e. strain frequency 

before and after competition), we here show that information on social trait 368 

expression, temporal infection dynamics and physical interactions among 

strains within hosts are essential to understand whether social traits are 370 

important and exploitable in a given system (see also Zhou et al. (2014) for a 

similar approach regarding the spatial scale of strain interactions). Based on 372 

these novel insights, we posit that more of such detailed approaches are 

required to understand the importance of bacterial social interactions across 374 

host systems and infection contexts and explain differences between them.   

 376 
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A deeper understanding of bacterial social interactions inside hosts are 

particularly relevant for a number of novel therapeutic approaches that seek to 378 

take advantage of social dynamics between cooperative and cheating strains 

inside hosts to control infections. For instance, it was proposed that strains 380 

deficient for the production of important virulence factors could be introduced 

into established infections (Brown et al., 2009). These strains are expected to 382 

spread because of cheating, thereby reducing the overall virulence factor 

availability in the population, and consequently the damage to the host. Our 384 

results now reveal that cheater strains, although gaining a benefit from the 

presence of producer strains, are unable to spread in populations. Another 386 

therapeutic approach involves the specific targeting of secreted virulence 

factors to curb virulence (André and Godelle, 2005; Allen et al., 2014). This 388 

approach is thought to not only reduce damage to the host, but also to 

compromise resistance evolution (Pepper, 2012). The idea here is that 390 

resistant mutants, resuming virulence factor production, would act as 

cooperators, sharing the benefit of secreted goods with susceptible strains; 392 

and for this reason they are not expected to spread (Mellbye and Schuster, 

2011; Gerdt and Blackwell, 2014; Ross-Gillespie et al., 2014). Our results now 394 

indicate that such cooperative drug-resistant mutants could get at least some 

local benefits and might increase to a certain frequency in the population 396 

(Rezzoagli et al., 2018). These confrontations show that the identification of 

key parameters driving social interactions across hosts and infection types is 398 

of utmost importance to predict the success of ‘cheat therapies’ and anti-

virulence strategies targeting secreted public goods. 400 
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Material and methods 402 

Strain and bacterial growth conditions  

Bacterial strains, primers and plasmids used in this study are listed in 404 

Supplementary Tables S1-S3. Details on strain construction can be found in 

the Supplementary Methods. For all experiments, overnight cultures were 406 

grown in 8 ml Lysogeny broth (LB) medium in 50 ml Falcon tubes, incubated 

at 37°C, 220 rpm for 18 hours. We washed overnight cultures with 0.8% NaCl 408 

solution and adjusted them to OD600 = 1. Solid Nematode Growth Media 

(NGM) contained 0.25% Peptone, 50 mM NaCl, 25mM [PO4
-], 5 μg/ml 410 

Cholesterol, 1mM CaCl2, 1mM MgSO4 supplemented with 1.5% agar. Agar 

plates (6 cm diameter) were seeded with 50 μl of bacterial culture and 412 

incubated at 25°C for 24 hours. All P. aeruginosa strains used in this study 

showed equal growth on NGM exposure plates (Supplementary Figure S4. 414 

Peptone was purchased from BD Biosciences, Switzerland, all other 

chemicals from Sigma Aldrich, Switzerland. 416 

 

Nematode culture 418 

We used the temperature-sensitive, reproductively sterile C. elegans strain 

JK509 (glp-1(q231) III): this strain is fertile at 16°C but does not develop 420 

gonads and is therefore sterile at 25°C. Worms were maintained at the 

permissive temperature (16°C) on High Growth Media (HGM) agar plates (2% 422 

Peptone, 50 mM NaCl, 25mM [PO4
-], 20 μg/ml Cholesterol, 1mM CaCl2, 1mM 

MgSO4) seeded with the standard food source E. coli strain OP50 (Stiernagle, 424 

2006). For age synchronization, plates were washed with sterile distilled water 

and worms were treated with hypochlorite-sodium hydroxide solution in order 426 
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to kill adults worm and isolate eggs (Stiernagle, 2006). These were placed in 

M9 buffer (20 mM KH2PO4, 40 mM Na2HPO4, 80 mM NaCl, 1 mM MgSO4) and 428 

incubated at 16°C for 16-18 hours to hatch. Then, L1 larvae were transferred 

to HGM plates seeded with OP50 and incubated at 25°C for 28 hours to reach 430 

L4 developmental stage. Worms and the OP50 strain were provided by the 

Caenorhabditis Genetic Center (CGC), which is supported by the National 432 

Institutes of Health - Office of Research Infrastructure Programs (P40 

OD010440). 434 

 

C. elegans infection protocol 436 

Synchronized L4 worms were washed off of HGM plates with M9 buffer + 50 

μg/ml kanamycin (M9-Kan), and washed three times with M9-Kan for surface-438 

disinfecting the worms. Bacteria, dead worms, and other debris or 

contamination were then separated from the viable worm population by the 440 

sucrose flotation method (Portman, 2006) and rinsed three time in M9 buffer to 

remove sucrose. The worm handling protocol for the main experiments is 442 

depicted in Figure 1A. Specifically, approximately 200 worms were moved to 

NGM plates containing a lawn of bacteria and incubated statically for 24 hours 444 

at 25°C. After this period of exposure to pathogens, infected worms were 

extensively washed with M9 buffer + 50 μg/ml chloramphenicol (M9-Cm) 446 

followed by M9 buffer, and subsequently transferred to individual wells of a 6-

well culture plate filled with sterile M9 buffer supplemented with 5 μg/ml 448 

cholesterol (M9+Ch Buffer) where they were kept for a total of 48 hours post 

exposure (hpe) and imaged at timepoints 0, 6 and 30 hpe. This procedure 450 

allowed us to clearly distinguish between the initial uptake rate of bacteria 
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through feeding, and the subsequent colonization of the worm gut by surviving 452 

bacteria. 

 454 

Nematode survival assay 

Our primary goal was to observe infections inside living hosts and not to kill 456 

them. To verify that worms stayed alive during the experimental period (up to 

time point 48 hpe), we tracked their survival by transferring a fraction of the 458 

infected population (50-90 worms) to individual wells filled with M9-Ch buffer. 

Worms were observed for motility at 0, 24 and 48 hpe, by prodding them with 460 

a platinum wire. A worm was considered dead when it no longer responded to 

touch. Each bacterial strain was tested in three replicates and three 462 

independent experiments were carried out. We used E. coli OP50 as a 

negative control for killing. During this period of observation, the worms 464 

experienced only negligible killing by the colonizing bacteria, and we found no 

significant difference in killing between the non-pathogenic E. coli food strain 466 

and the P. aeruginosa strains (Supplementary Figure S2). However, there was 

a small but significant difference in the survival of worms colonized by the 468 

three siderophore-mutant strain, compared to the survival of worms infected 

by the wildtype PAO1 (ANOVA with post-hoc Tukey test for multiple 470 

comparisons, p = 0.0213 for PAO1 ΔpchEF, p = 0.0054 for PAO1 ΔpvdD and 

p = 0.0062 for PAO1 ΔpvdDΔpchEF). 472 

 

Microscopy setup and imaging  474 

For observations under the microscope, we picked individual worms from the 

M9+Ch buffer and paralyzed them with a 25 mM sodium azide solution before 476 
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transferring them to a 18-well μ-slide (Ibidi). Worms were observed at different 

time points: immediately after exposure (0 hpe), as well as after 6 and 30 hpe. 478 

All experiments were carried out at the Center for Microscope and Image 

Analysis of the University Zürich (ZMB). For the colonization experiment, 480 

images were acquired on a Leica LX inverted widefield light microscope 

system with the Leica TX2 filter cube for mCherry (emission: 560 ± 40 nm, 482 

excitation: 645 ± 75 nm, DM = 595) and a Leica DFC 350 FX, cooled 

fluorescence monochrome camera (resolution: 1392 × 1040 pixels) for image 484 

recording (16-bit color depth). For the gene expression experiment, 

microscopy was performed on the InCell Analyzer 2500HS (GE Healthcare) 486 

automated imaging system, using a polychroic beam splitter BGRFR_2 (for 

mCherry, excitation: 575 ± 25 nm, emission: 607.5 ± 19 nm) and a PCO – 488 

sCMOS camera (resolution: 2048 x 2048 pixels, 16-bit).  

 490 

Image processing and analysis 

To extract fluorescence measurements from individual worms, images were 492 

first segmented (i.e. we divided the image into objects and background), using 

an automated image segmentation workflow with the image analysis tool 494 

ilastik (Sommer et al., 2011). Segmented images were then imported in the 

free scientific image processing software package Fiji (Schindelin et al., 2012) 496 

and used to determine fluorescence intensity (as “Raw Integrated Density”, i.e. 

the sum of the values of the pixels in the selection) and area of each worm. 498 

Images obtained from the InCell microscope were acquired dividing each well 

of the slide in 64-frames (8x8 grid) with 10% overlap. Tiles were stitched 500 

together using a macro-automated version of the Stitching plugin in Fiji 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 7, 2018. ; https://doi.org/10.1101/488262doi: bioRxiv preprint 

https://doi.org/10.1101/488262
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

(Preibisch et al., 2009) and then segmented and analyzed as described 502 

above. To correct for the autofluorescence of the background and the host 

tissue, we imaged, at each time point, worms infected with non-fluorescent 504 

strains such as E.coli OP50-I or PAO1 wildtype and used the mean intensity of 

these control infections to correct fluorescent values from worms infected with 506 

fluorescent strains. 

 508 

Competition assay in the host 

For in-vivo competitions between the wildtype PAO1-mCherry and the 510 

siderophore-negative strain PAO1 ΔpvdDΔpchEF or the lasR-mutant PAO1 

ΔlasR, overnight monocultures were washed twice with 0.8% NaCl solution, 512 

adjusted to OD600 = 1 and mixed at 1:1 ratio. To control for fitness effects of 

the fluorescent marker mCherry, we also competed the untagged PAO1 514 

wildtype against PAO1-mCherry. NGM plates were then seeded with 50 μl of 

mixed culture and incubated at 25°C for 24 hours. Worms were put on the 516 

mixed bacterial lawn for 24 hours and then recovered as previously described. 

After 6 and 48 hours post-exposure, individual worms were picked, 518 

immobilized with sodium azide and washed for 5 minutes with M9 + 0.003% 

NaOCl. Worms were washed twice with M9 buffer. We then transferred each 520 

individual worm to a 1.5 ml screw-cap micro tube (Sarstedt, Switzerland) 

containing sterilized glass beads (1 mm diameter, Sigma Aldrich). Worms 522 

were disrupted using a bead-beater (TissueLyser II, QIAGEN, Germany), 

shaking at 30 Hz for 1.5 min before flipping the tubes and shaking for an 524 

additional 1.5 min to ensure even disruption (adapted from Vega et al., 2017). 

Tubes were then centrifuged at 2000 x g for 2 min, the content was re-526 
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suspended in 200 μl of 0.8% NaCl and plated on two LB 1.2 % agar plates for 

each sample. Plates were incubated overnight at 37°C and left at room 528 

temperature for another 24 h to allow the fluorescent marker to fully mature. 

We then distinguished between fluorescent and non-fluorescent colonies using 530 

a custom built fluorescence imaging device (Infinity 3 camera, Lumenera, 

Canada). We then calculated the relative fitness of the wildtype PAO1 as 532 

ln(v)=ln{[a48×(1−a6)]/[a6×(1−a48)]}, where a6 and a48 are the frequency of 

PAO1-mCherry at 6 and 48 hours after recovery, respectively (Ross-Gillespie 534 

et al., 2007). Values of ln(v)<0 or ln(v)>0 indicate whether the frequency of 

PAO1-mCherry increased (ln(v)< 0) or decreased (ln(v)>0) relative to its 536 

competitor. 

 538 

Co-localization analysis 

To determine the degree of co-localization of two different bacterial strains in 540 

the host, we transferred nematode worms to NGM plates seeded with a 1:1 

ratio mix of PAO1-gfp with either PAO1-mCherry, PAO1 ΔpvdDΔpchEF–542 

mCherry, or PAO1 ΔlasR-mCherry. After a grazing time of 24 hours, we 

picked single worms and imaged both the mCherry- and the GFP channel, 544 

using the InCell Analyzer 2500HS microscope as described above. For image 

analysis, we straightened each worm using the Straighten plugin in Fiji (Kocsis 546 

et al., 1991). We then used Fiji to extract fluorescence intensity values for 

each pixel in the worm from tail (X = 0) to head (X = 1), in both channels 548 

(green = GFP, red = mCherry). To ensure that we only measure areas where 

bacteria were present, we restricted our analysis to the region of the worm gut, 550 

where the colonization of the worm takes place. We then calculated the 
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Spearman correlation coefficient between the two fluorescent signals, as a 552 

proxy for co-localization of the two strains using the statistical software 

RStudio (R Development Core Team, 2013). 554 

 

Statistical analysis 556 

All statistical analyses were performed in RStudio v. 3.3.0 (R Development 

Core Team, 2013). We used Pearson correlations to test for associations 558 

between PAO1-mCherry fluorescence intensities and (a) recovered bacteria 

from the gut; and (b) total bacterial load in mixed infections. We used analysis 560 

of variance (ANOVA) to compare fluorescence values between observation 

times, strains and for comparisons to non-fluorescent controls. P-values were 562 

corrected for multiple comparisons using the post-hoc Tukey HSD test. To 

compare promoter expression data between PAO1 WT and mutant strains, 564 

and to compare relative fitness values between competitors in the competition 

assay, we used Welch’s two-sample t-test. Co-localization analysis was 566 

performed using the Spearman correlation coefficient between the intensity 

distribution of mCherry and GFP across the entire length of the worm. We 568 

tested for differences in co-localization between treatments using ANOVA.  

 570 
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Figure captions 

Figure 1. Quantifying P. aeruginosa infections in the C. elegans gut. (A) 880 

Experimental procedure: we used fluorescently tagged P. aeruginosa strains 

to examine bacterial colonization of the C. elegans gut. Per experiment, we 882 

exposed approximately 200 C. elegans nematodes to a lawn of mCherry-

tagged PAO1 strains for 24 hours. Subsequently, nematodes were removed 884 

from the bacterial plate, surface washed and collected in sterile buffer for 

monitoring. After 0, 6, or 30 hours post exposure (hpe), approximately 30 886 

nematodes were immobilized and transferred to microscopy slides for imaging. 

(B) Brightfield and fluorescence channel merged image depicting mCherry-888 

fluorescent bacteria inside the host gut. (C) Bacterial load inside the nematode 

was quantified as the sum of fluorescence intensity across pixels in the region 890 

of interest “ROI” (yellow outline) and standardised by total worm area. (D) 

Colonization dynamics of the wildtype strain PAO1-mCherry: immediately after 892 

removal from the exposure plate (0 hpe), worms showed high bacterial loads 

inside their guts. Bacterial load first declined when the worms where kept in 894 

buffer for 6 hours, but then remained constant for the next 24 hours. Grey 

shaded area indicates background fluorescence (mean +/- standard deviation) 896 

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

number of worms from four independent experiments. *** = p < 0.001, n.s. = 898 

not statistically significant. 

 900 

Figure 2. P. aeruginosa expresses genes for pyoverdine synthesis and 

quorum sensing regulators in the host gut. To quantify the expression of 902 

virulence factor genes inside hosts, worms were exposed to four PAO1 

strains, each containing a promoter::mCherry fusion for either pvdA 904 

(pyoverdine synthesis), pchEF (pyochelin synthesis), lasR or rhlR (quorum 

sensing regulators). With the exception of pchEF, all genes were significantly 906 

expressed in the host, both at 0 and 30 hpe. Expression levels were 

standardised for bacterial load. Grey shaded areas depict background 908 

fluorescence (mean +/- standard deviation) of worms exposed to the non-

fluorescent, non-pathogenic E.coli OP50. N = number of worms from four 910 
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independent experiments. * = p < 0.05; ** = p < 0.01, *** = p < 0.001, n.s. = not 

statistically significant. 912 

 

Figure 3. P. aeruginosa can switch between siderophores, while quorum 914 

sensing regulators act hierarchically. Because virulence traits are linked at 

the regulatory level, we measured gene expression of each trait in the 916 

negative background of the co-regulated trait. (A) The expression of the 

pyoverdine synthetic gene pvdA is significantly expressed in the wildtype and 918 

the pyochelin-negative background, but slightly reduced in the latter. (B) The 

pyochelin synthetic gene pchEF is significantly expressed in the pyoverdine-920 

negative background, but silent in the wildtype. (C) The expression of the QS-

regulator gene lasR is unchanged in the Rhl-negative background compared 922 

to the wildtype. (D) The expression of the QS-regulator gene rhlR is reduced in 

the Las-negative background. Expression levels were standardised for 924 

bacterial load. Grey shaded areas depict background fluorescence (mean +/- 

standard deviation) of worms exposed to the non-fluorescent, non-pathogenic 926 

E.coli OP50. N = number of worms form four independent experiments. * = p < 

0.05; ** = p < 0.01, *** = p < 0.001, n.s. = not statistically significant. 928 

 

Figure 4. Virulence factor production affects bacterial uptake and host 930 

colonization ability (A) Bacterial load inside C. elegans guts measured 

immediately after the recovery of worms from the exposure plates (0 hours 932 

post exposure; hpe). Comparisons across isogenic PAO1 mutant strains, each 

deficient for the production of one or two virulence factors, reveal that the two 934 

quorum-sensing mutants PAO1 ΔlasR and PAO1 ΔrhlR reached lower 

bacterial densities than the wildtype. (B) Comparison of the relative 936 

colonization success of strains (ratio of bacterial loads at 0 hpe versus 30 hpe) 

revealed that the siderophore-negative strain PAO1 ΔpvdDΔpchEF showed 938 

significantly reduced ability to remain in the host compared to the wildtype. In 

contrast, the colonisation success of PAO1 ΔpchEF and PAO1 ΔrhlR was 940 

increased relative to the wildtype. Grey shaded areas depict background 

fluorescence (mean +/- standard deviation) of worms exposed to the non-942 

fluorescent, non-pathogenic E.coli OP50. N = number of worms form four 
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independent experiments. * = p < 0.05; ** = p < 0.01, *** = p < 0.001. 944 

 

Figure 5. Mixed infections reveal social strain dynamics but no 946 

successful cheating (A) Relative fitness of the wildtype PAO1-mCherry after 

42 hours of competition inside the C. elegans gut against an untagged PAO1 948 

control strain (white circles); the siderophore-negative strain PAO1 

ΔpvdDΔpchEF (green diamonds); and the Las-negative strain PAO1 ΔlasR 950 

(blue squares). The control competition revealed a mild but significant 

negative effect of the mCherry tag on wildtype fitness. When accounting for 952 

these mCherry costs, we found that the putative cheat strains PAO1 ΔlasR 

and PAO1 ΔpvdDΔpchEF performed equally well compared to the wildtype, 954 

but could not outcompete it. This suggests that virulence factor deficient 

strains benefit from the presence of non-producers but cannot successfully 956 

cheat on them. (B) At 6 hpe, wildtype frequency in mixed infections correlated 

positively with total bacterial load inside hosts in competition with PAO1 ΔlasR 958 

(blue line) and PAO1 ΔpvdDΔpchEF (green line) but not in the control 

competition (grey line). (C) These correlations disappeared at 48 hpe. Each 960 

data point represents an individual worm. Data stems from three independent 

experiments, with 8 replicates each. 962 

 

Figure 6. Spatial structure of mixed infections in the nematode gut. (A, B) 964 

Illustrative examples of C. elegans individuals infected with a mixture of GFP- 

and mCherry-labelled strains. Each worm was computationally straightened 966 

and fluorescence intensity values were extracted for each pixel from tail (X=0) 

to head (X=1). We then calculated the Spearman correlation coefficient 968 

between the intensity values in the two fluorescence channels across pixels, 

as our estimate of strain colocalization. Examples show worms with high (A) 970 

and low (B) degrees of colocalization. (C) Patterns of colocalization levels 

varied substantially between individuals, but did not differ across strain 972 

combinations (p = 0.119: wildtype PAO1-mCherry versus: (i) wildtype PAO1-

gfp (white circles), (ii) PAO1 ΔpvdDΔpchEF-mCherry (green diamonds) or (iii) 974 

PAO1 ΔlasR-mCherry (blue squares). Each data point represents an individual 

worm. Data stems from 3 independent experiments, with 12 replicates each. 976 
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Supplementary Figures captions 978 

Supplementary Figure S1. Fluorescence intensity significantly correlates 

with live bacteria inside the host gut. To assess the relationship between 980 

fluorescence signal and bacterial load inside C. elegans, colonized nematodes 

were observed using fluorescence microscopy and disrupted to extract live 982 

bacteria from the gut. Fluorescence intensity significantly correlated with the 

number of bacteria present in the host gut. (A) The correlation was moderate 984 

when the worms were observed immediately after exposure (0 hours post 

exposure; hpe) (Pearson correlation coefficient r = 0.496; test for association 986 

between paired samples t28 = 3.02, p = 0.0053). (B) At 6 hpe, fluorescence 

intensity correlated more strongly with bacterial load in the host gut (Pearson 988 

correlation coefficient r = 0.713; test for association between paired samples 

t23 = 4.88, p < 0.0001). In total, 65 worms were observed in two independent 990 

experiments. Fluorescence intensity values were blank corrected, using 

worms infected with the untagged strain PAO1 as non-fluorescent controls. 992 

 

Supplementary Figure S2. Survival assay of worms infected with various 994 

P. aeruginosa strains. After washing worms off the exposure plates, we 

estimated host survival over 48 hours. For this purpose, we observed 50 to 90 996 

worms and checked for viability every 24 hours by prodding them with a 

platinum wire three times. Worms were considered dead if they no longer 998 

moved upon stimulation with the wire . We found no significant difference in 

the survival rate between any of the strains compared to the food strain E.coli 1000 

OP50-I (linear model, F6,210 = 0.60, p = 0.7296). However, we found a small 

but significant difference in the survival of worms colonized by the three 1002 

siderophore-mutants, which was higher compared to the survival of worms 

exposed to PAO1 (Tukey's range test, p = 0.0213 for PAO1 ΔpchEF, p = 1004 

0.0054 for PAO1 ΔpvdD and p = 0.0062 for PAO1 ΔpvdDΔpchEF). Data 

points depict average survival across three independent experiments. In each 1006 

experiment, we had three replicates for each strain. Gray areas represent the 

standard error of the mean.  1008 
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Supplementary Figure S3. Bacterial load declines at 6 hours post 1010 

exposure (hpe). We kept infected nematodes in sterile buffer and determined 

the fluorescence intensity in the host gut, reflecting the number of bacteria that 1012 

managed to colonize the worms at 6 hpe. When scaled to the bacterial load at 

0 hpe, we found that all strains showed a significant reduction in bacterial load. 1014 

Moreover, the siderophore-negative strain PAO1 ΔpvdDΔpchEF showed 

significantly reduced ability to remain in the host compared to PAO1 (ANOVA 1016 

with post-hoc Tukey test, t888 = -2.25, p = 0.0025). For each individual strain, 

relative fluorescence is expressed as fluorescence intensity at 6 hpe scaled for 1018 

the intensity at 0 hpe. 

 1020 

Supplementary Figure S4. Growth of P. aeruginosa WT and mutant 

strains for social traits on NGM plates. To assess the growth ability of 1022 

PAO1 and the mutant strains on NGM plates, after 24 hours of incubation at 

25°C, we collected the bacterial lawn in sterile NaCl solution and the OD600 1024 

was measured as proxy for cell growth. We found no statistically significant 

difference between strains (linear model F5,60 = 2.27, p = 0.0588). Data is 1026 

shown as mean across four independent experiments, with three replicates 

(i.e. plates) per strain for each experiment. Error bars denote the standard 1028 

error of the mean.  

 1030 

Supplementary Figure S5. Interaction between social traits inside the 

host at 30 hours post exposure. We compared the expression of promoter 1032 

fusions inserted either in the wildtype PAO1 or in mutant strains, which lack 

either the second siderophore (light grey boxplot) or the second QS-regulator 1034 

(white bars), at 30 hpe. Although values are generally lower, we observed the 

same trend as in Figure 3. Values are corrected for cell density. N = number of 1036 

worms tested. Error bars represent standard errors of the mean. Grey shaded 

areas indicate the non-fluorescent background (mean +/- standard deviation). 1038 

*** = p < 0.001 and n.s. = not statistically significant, based on Welch’s 2-

sample t-test between PAO1 and the respective mutant strain. 1040 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 7, 2018. ; https://doi.org/10.1101/488262doi: bioRxiv preprint 

https://doi.org/10.1101/488262
http://creativecommons.org/licenses/by-nc-nd/4.0/


***

n.s.

Initial uptake Host colonization

N=118 N=154 N=131

0

1

2

3

4

5

0 6 30
Observation time (hours post exposure)

Ba
ct

er
ia

l lo
ad

A

0	hpe	

30	hpe	

6	hpe	

Host	exposed	to	mCherry-tagged	
P.	aeruginosa	strains	for	24	h	

Removal	from	exposure	plate,	collec@on	in	sterile	buffer	and	microscopy	
measurement	taken	at	0,	6	and	30	hours	post	exposure	(hpe).		

Nematodes	washed	with	
buffer	+	an@bio@c	

A

B

C

Instructions µ–Slide 18 Well - Flat

The ibidi product family is comprised of a variety of µ–Slides and µ–Dishes, which have all
been designed for high–end microscopic analysis of fixed or living cells. The high optical
quality of the material is similar to that of glass, so you can perform all kinds of fluorescence
experiments with uncompromised resolution and choice of wavelength. The µ–Slide 18 Well -
Flat is a convenient multi–well plate for quick and easy tests to probe experimental parameters
like antibody dilution, seeding density or most effective drug concentrations. Unlike in 96
well plates, the whole area of the well can be observed in phase–contrast microscopy mode
since there is no disturbing refraction of the liquid surface meniscus.

Material

ibidi µ–Slides, µ–Dishes, and µ–Plates are made of a plas-
tic that has the highest optical quality. The polymer cov-
erslip on the bottom exhibits extremely low birefringence
and autofluorescence, similar to that of glass. Also, it is
not possible to detach the bottom from the upper part.
The µ–Slides, µ–Dishes, and µ–Plates are not autoclavable,
since they are only temperature–stable up to 80°C/175°F.
Please note that gas exchange between the medium and
incubator’s atmosphere occurs partially through the poly-
mer coverslip, which should not be covered.

Optical Properties ibidi Polymer Coverslip

Refractive index nD (589 nm) 1.52
Abbe number 56
Thickness No. 1.5 (180 µm)
Material polymer coverslip

Please note! The ibidi Polymer Coverslip is compatible
with certain types of immersion oil only. A list of suit-
able oils can be found on page 3.

Shipping and Storage

The µ–Slides, µ–Dishes and µ–Plates are sterilized and
welded in a gas-permeable packaging. The shelf life under
proper storage conditions (in a dry place, no direct sun-
light) is listed in the following table.

Conditions

Shipping conditions Ambient
Storage conditions RT (15-25°C)

Shelf Life of Different Surfaces

ibiTreat, Glass Bottom, ESS 36 months
Collagen, Poly-L-Lysine 18 months

Geometry of the µ–Slide 18 Well - Flat

The µ–Slide 18 Well - Flat provides standard slide format
according to ISO 8037/1. The well to well distance of 9 mm
(like 96 well plates) allows using multichannel pipettes.

Geometry of the µ–Slide 18 Well - Flat

Outer dimensions in mm (w × l) 25.5×75.5
Number of wells 18
Well diameter 5 mm
Volume per well 30 µl
Height with/without lid 5.0/1.6 mm
Growth area per well 0.2 cm2

Coating area per well 0.25 cm2

Bottom ibidi Polymer Cov-
erslip

Surface

The tissue culture treated ibiTreat surface is a physical sur-
face modification and optimized for adhesion of most cell
types. The uncoated surface is a very hydrophobic surface
and allows no direct cell growth. It is suitable for specific
coatings or suspension cells.

If you like to establish a particular coating for your de-
mands we recommend testing your coating procedure on
uncoated and ibiTreat surfaces, since some proteins and
biomolecules adhere differently to hydrophobic or hy-
drophilic polymer surfaces.

Coating

Specific coatings are possible following this protocol:

1. Prepare your coating solution according to the man-
ufacturer’s specifications or reference.
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