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23 Abstract

24  The biological features that allow a pathogen to survive in the hospital
25 environment are mostly unknown. The extinction of bacterial epidemics in
26 hospitals is mostly attributed to changes in medical practice, including infection
27  control, but the role of bacterial adaptation has never been documented. We
28 analyzed a collection of Pseudomonas aeruginosa isolates belonging to the
29 Besancon Epidemic Strain (BES), responsible for a 12-year nosocomial
30 outbreak, using a genotype-to-phenotype approach. Bayesian analysis estimated
31 the emergence of the clone in the hospital five years before its opening, during
32 the creation of its water distribution network made of copper. BES survived better
33 than the reference strains PAO1 and PA14 in a copper solution due to a genomic
34 island containing 13 metal-resistance genes and was specifically able to
35 proliferate in the ubiquitous amoeba Vermamoeba vermiformis. Mutations
36 affecting amino-acid metabolism, antibiotic resistance, lipopolysaccharide
37 biosynthesis, and regulation were enriched during the spread of BES. Seven
38 distinct regulatory mutations attenuated the overexpression of the genes
39 encoding the efflux pump MexAB-OprM over time. The fitness of BES decreased
40 over time in correlation with its genome size. Overall, the resistance to inhibitors
41 and predators presumably aided the proliferation and propagation of BES in the
42  plumbing system of the hospital. The pathogen further spread among patients via
43  multiple routes of contamination. The decreased prevalence of patients infected

44 by BES mirrored the parallel and convergent genomic evolution and reduction
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45 that affected bacterial fithess. Along with infection control measures, this may

46  have participated in the extinction of BES in the hospital setting.
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47 Importance

48  Bacterial pathogens are responsible for nosocomial outbreaks, but the sources of
49  contamination of the hospitals are mostly unclear and the role of bacterial
50 evolution in the extinction of outbreaks has never been considered. Here, we
51 found that an epidemic strain of the pathogen Pseudomonas aeruginosa
52 contaminated the drinking water network of a hospital due to its tolerance to
53 copper and predatory amoeba, both present in the water pipes. The extinction of
54 the outbreak occurred concomitantly with parallel and convergent genome
55  evolution and a reduction in the size of the bacterial genome that correlated with
56 the fitness of the pathogen. Our data suggest that pathogen evolution

57 participated in the extinction of an outbreak in a hospital setting.
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58 Introduction

59 The epidemic curves of bacterial pathogens in hospitals are mostly wave-
60 shaped, with a rapid increase in cases followed by a slower decline (1). During
61 pathogen outbreaks in hospital settings, patients are infected directly or
62 indirectly, either from the environment or from other patients. However, the exact
63  source of the outbreak (e.g. a patient, a healthcare worker, the environment) is
64 almost never documented and often limited to the identification of an index case
65 due to the lag between contamination of the healthcare setting and detection of
66 the pathogen in the index case (2, 3). Aside from antibiotic resistance, the
67 biological features that allow a pathogen to enter and survive in the aggressive
68  hospital environment are mostly unknown. However, genomic analyses are able
69  to estimate the origin of an outbreak by calculating the time of emergence of the
70  most recent common ancestor and the genetic features that could have favored
71  its expansion (4, 5).

72 Whole-genome sequencing analysis has already been used to identify genetic
73 elements gained, lost, or mutated during outbreaks of bacterial pathogens, but
74  the phenotypic consequences of such mutations are rarely determined (6-8).
75  Other studies have illustrated the difficulty of phenotypically confirming in silico
76  predictions (9). Although the extinction of epidemics in hospitals is mostly
77  attributed to infection control or more widely to changes in medical practice (10),
78  the role of bacterial adaptation has never been considered.

79  We addressed this question by exploring the genotypic and phenotypic variations

80 of an epidemic strain of P. aeruginosa that infected more than 250 patients over
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81 12 years in a single hospital (2). P. aeruginosa is a ubiquitous Gram-negative
82  species that exhibits such genomic plasticity that it allows its adaptation to a
83 variety of niches, from the wild environment to that of disinfected hospitals and
84  patients treated with antibiotics (11). This opportunistic pathogen is a leading
85 cause of nosocomial infections, as well as chronic lung infections in cystic
86 fibrosis (CF) patients (12). In addition to its high intrinsic resistance to a wide
87 variety of antibiotics, P.aeruginosa can readily acquire resistance through
88 mutations or horizontal transfer of resistance determinants. Thus, resistance to
89 all currently available anti-pseudomonal antibiotics is frequent (13), justifying its
90 inclusion in the list of serious threats by the CDC (14). P. aeruginosa is frequently
91 responsible for outbreaks in the hospital setting, in which the source of
92  contamination is mostly unknown or speculated, at best (3). Water points-of-use
93 have often been incriminated in P. aeruginosa hospital outbreaks. However,
94  sinks are themselves seeded by clones of human origin, blurring the tracks back
95 to the source of hospital contamination (15).

96 We used WGS analysis and a genotype-to-phenotype approach of such a long-
97 term outbreak of P.aeruginosa as a model to (i) date the true origin of the
98 contamination of the hospital, (ii) identify the biological features that favored its
99 installation, (iii) identify parallel and convergent evolution selected during the

100 outbreak, and (iv) correlate the fitness of the strain with its genomic evolution.
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101  Results and discussion

102  Population structure and most recent common ancestor of P. aeruginosa
103 BES. Between May 1997 and April 2008, 276 patients were infected with the
104 P. aeruginosa BES in the University Hospital of Besangon (Fig. 1A). We
105 sequenced the full genomes of 54 isolates (retrieved from 54 patients) evenly
106  distributed over time and considered to be representative of the outbreak (Table
107  S1). In silico MLST showed the sequenced isolates to belong to the widespread
108 clone ST395 (16). Phylogenetic analysis using 285 SNPs in the core genome
109 showed that BES isolates fell into the two major clades, 1 and 2, with clade 1
110  being divided into four sub-clades, la to 1d (Fig. 1B). There was no clear link
111 between the date of isolation or hospital ward and position in the phylogenetic
112 tree (Table S1). Although no environmental sampling was made during the
113 outbreak, clade 1b in the phylogenetic tree probably grouped isolates from
114  patients contaminated from a common environmental reservoir. In addition, stair-
115 shaped branches (e.g. clade 1c) indicated probable patient-to-patient
116  transmission. Although the pulsed-field gel electrophoresis pattern of BES
117  isolates was the same (2), WGS analysis showed two hidden parallel outbreaks
118  simultaneously occurring in the same hospital (Fig. 1B), as already observed for
119 other Gram-negative pathogens (17). The dating of emergence of the clone
120 ST395 at the hospital required the calculation of the clock rate of our ST395
121 population, that was estimated to be 3.96 x 10° mutations per site per year by
122 Bayesian analysis (95% highest posterior density, 3.08 x 10° - 4.96 x 10°),

123 which is higher than that estimated for the P. aeruginosa species (18). With the
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124  addition of an ST395 outgroup isolate retrieved in our hospital, but not belonging
125 to BES, to the database (Table S1), Bayesian analysis dated the putative
126 common ancestor that linked the ST395 isolates from our hospital to 1990 (95%
127  confidence interval [CI] = 1987-1993), seven years before its first isolation from a
128  patient in May 1997. Furthermore, using an external ST395 outgroup isolated
129  from the hospital of Birmingham (United Kingdom), we estimated the emergence
130  of clone ST395 at the hospital in 1978 (95% CI = 1970-1985) (Fig. 1B) during the
131  creation of the water distribution network. The introduction of ST395 during the
132 construction of a hospital was already suspected in the United Kingdom (3). This
133 is consistent with the frequent isolation of the ST395 clone in water (19, 20) and
134  the probable role of drinking water as a source of P. aeruginosa infection (21,
135  22). Overall, the ST395 clone has presumably contaminated the water network of
136  the hospital before its opening but the pathogen further spread among patients
137 by other routes of transmission (e.g. contact with the environment, other patients,
138  or healthcare workers).

139

140 BES P. aeruginosa is tolerant to copper. The date of emergence of the
141  common ancestor of ST395 (1978) led us to suspect the water distribution
142 system of our hospital as the source of the outbreak. The water distribution and
143 plumbing systems of our hospital are made of copper and are hostile
144  environments for bacterial development, with nutrient-poor conditions, inhibitors
145  (e.g. chlorine and copper-ions), and predators (free-living amoeba). We therefore

146  postulated that BES could cope with those harsh conditions. Analysis of the BES
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147  genome sequences identified a 37-kb genome island (Gl) that harbored an array
148  of thirteen genes encoding copper transporters (Fig. S1) in all isolates of BES
149  (23). This Gl shared 99.7% identity with GI-7 of a P. aeruginosa ST308 copper-
150 tolerant strain (24), also retrieved from water networks of hospitals. We
151  phenotypically confirmed that the representative isolate BES-4 survived better
152  than the P. aeruginosa reference strains PAO1 and PA14 (Fig. 2A) in a 150 pg/L
153  copper (Il) sulphate solution, correponding to the highest copper concentration
154  retrieved in the drinking water of our hospital (24). We then tested the mutant
155  strain BES-4AGI-7, deleted of the entire sequence of GI-7 by chromosomal
156  recombination, under the same conditions to confirm the role of GI-7 in the
157 tolerance of BES-4 to copper in solution. The deletion of GI-7 decreased the
158  tolerance to copper of the BES strain relative to its wildtype parent, reducing it to
159  that of the comparators PAO1 and PA14 (Fig. 2A). However, the tolerance to
160 copper-ions under these conditions was not fully specific to GI-7, as the
161 representative of the high-risk clone ST235 (isolate PA1646, without GI-7)
162  showed copper tolerance similar to that of BES-4 (Fig. 2A). However, no ST235-
163  specific determinants for tolerance to copper-ions have been identified (25).
164  Interestingly, a sampling campaign in 2017 found that the same water distribution
165 network was contaminated by a GI-7 containing ST308 clone (24). Overall, these
166  results confirm that GI-7 can help waterborne P. aeruginosa (ST308, ST395) to
167  tolerate copper in solution.

168
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169 BES P. aeruginosa proliferates in free-living amoebae. Protozoans are
170  predators for bacteria in water (26). Vermamoeba (Hartmannella) vermiformis is
171 ubiquitous in drinking-water systems and resistant to commonly used disinfection
172 methods (27). It has already been shown that a strain of P. aeruginosa isolated
173 from the water of a hospital can resist V. vermiformis grazing (28). We thus
174  tested the survival of BES-4 in the reference strain of V. vermiformis 172A versus
175 that of the same controls used to test copper tolerance to further investigate
176  whether this mechanism may contribute to the resistance of P. aeruginosa BES
177  in the drinking-water network. BES better resisted the grazing of this protozoan
178 than the comparators and was even able to proliferate inside the amoeba (Fig.
179  2B). Copper resistance has been implicated in the tolerance to amoeba, but the
180  deletion of GI-7 had no effect on grazing resistance (29) (Fig. 2B). The resistance
181 mechanism of BES to protozoan grazing is therefore yet unknown. Hence,
182  protozoans were presumably responsible for the proliferation and propagation of
183 BES in the water system and, as already demonstrated for Legionella
184  pneumophila, the intracellular environment protected the bacterial pathogen from
185  chlorine disinfection (30). However, such resistance to protozoan grazing could
186  have broader consequences. Pathogens use related strategies for intracellular
187  survival in both amoeba and human macrophages, which in turn share similar
188  phagocytic mechanisms. Consequently, the coincidental evolution hypothesis
189  suggests that virulence factors arose as a response to other selective pressures,

190  such as predation, rather than for virulence per se (31).

10
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191  Overall, the resistance to an inhibitor (copper) and a predator (free-living
192 amoeba) presumably aided the proliferation and propagation of P. aeruginosa
193  BES in the plumbing system during the building of the hospital, five years before
194  its opening. This finding stresses the need for strict adherence to the procedures
195  of commissioning water systems in healthcare premises (32).

196

197 Biological functions altered during the 12-year spread of P. aeruginosa
198 BES. After having identified the likely source of contamination of the hospital
199  building and the associated biological features, we explored the evolution of BES
200 during its spread. During their interaction with humans, bacterial pathogens can
201 accumulate mutations, allowing them to better adapt to the host, evade the
202 immune response, or increase their resistance to antibiotics (33). Our collection
203 covered the 12-year epidemic and enabled the identification of parallel evolution
204 of the same strain in multiple individuals. We then searched for biological
205 features selected or lost during the outbreak. Variant calling retrieved 458 SNPs
206 across the BES population, amongst which 220 were non-synonymous or
207  present in the promoting regions of genes (Table S3). Among them, 68 mutations
208 affected 55 genes encoding proteins for which the function was known. We
209 compared the proportion of altered functions in early and late isolates and
210 identified four major functions that were affected (y° test, P < 0.05): amino-acid
211  metabolism, antibiotic resistance, lipopolysaccharide (LPS) biosynthesis, and

212 regulation.

11


https://doi.org/10.1101/2020.09.21.307538
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.21.307538; this version posted September 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

213 Specific modifications occurred in genes involved in amino-acid metabolism. This
214  was particularly observed in late isolates. The genes hutG and trpS were both
215 mutated in the last six isolates of clade 1d, whereas the late isolates of clade la
216  harbored mutated asnB, and those of clade 2 mutations in trpB (Fig. 1B). It has
217 been predicted that mutations in hutG and asnB impair the metabolism of
218 histidine and asparagine, respectively, and that trpS and trpB mutants contribute
219 to the deficient synthesis of tryptophan (34). Surprisingly, substitution D32N in
220 TrpB independently occurred in late isolates of clade 2 (Fig. 1B). Convergent
221  evolution towards auxotrophy has been frequently described in CF isolates as a
222 result of niche specialization (35), presumably leading to an epidemiological dead
223 end (36). However, the mutations in amino-acid metabolism did not change the
224  growth of the isolates of BES in minimal media containing asparagine or histidine
225 as the sole carbon source (Fig. S2). This may be due to compensatory mutations
226 in unannotated genes or the existence of alternative pathways for amino-acid
227  metabolism.

228 The biosynthetic pathway of LPS is encoded by several genes responsible for
229 the biosynthesis of lipid A, O-antigen, and transport towards the outer membrane
230 (37). Eleven isolates, of which 10 were late isolates, displayed parallel evolution
231 affecting genes known to be involved in LPS biosynthesis, either in O-antigen
232 assembly (rmlA), LPS export (IptF, IptH), or lipid A biosynthesis (htrB1, arnD)
233  (Fig. 1B). Serotyping confirmed that most (7 of 11) of these isolates were
234  polyagglutinable, resulting in an altered LPS. This contrasted with all the other

235 isolates of BES, for which serotype O:6 was found (Fig. 1B). LPS structures can

12
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236 be modified in response to environmental pressures (e.g. divalent cations,
237 antimicrobial peptides) and surface interactions. Modification of the LPS of
238 P. aeruginosa is an important factor in the adaptation of this pathogen to chronic
239 infection. Hence, reduced LPS immunostimulatory potential, due to lipid A
240  modification (in isolates BES-27, -44, -45, -46, and -48; Fig. 1B), may contribute
241  to evasion of the immune system and thus the survival of the pathogen over the
242  course of a chronic infection (38). However, LPS extracted from all the isolates of
243 BES stimulated human peripheral blood mononuclear cells with the same
244 intensity (Fig. S3).

245

246 Evolution of antibiotic resistance during the spread of P. aeruginosa BES.
247  Early isolates of BES were classified as multidrug-resistant (39), with decreased
248  susceptibility to aminoglycosides (gentamicin, tobramycin), fluoroquinolones
249  (ciprofloxacin), and B-lactam compounds (40). Such decreased susceptibility may
250 be explained by chromosomal mutations in resistance-associated genes. Indeed,
251 early isolates harbored ant(2”)-la, coding for a 2"-aminoglycoside nucleotidyl-
252  transferase that is involved in aminoglycoside resistance. Moreover, [-lactam
253  resistance can be explained by observed mutations in the regulating genes
254 ampR (M1L in AmpR) and ampD (A134V and T139M in AmpD), responsible for
255 increased production of the cephalosporinase AmpC and alterations in mexR
256 (H107P in MexR), a regulator of the multi-drug efflux pump MexAB-OprM.
257 Finally, all isolates also displayed canonical mutations in the quinolone-

258  resistance determining regions of GyrA (T83l) and ParC (S87L), explaining the

13
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259 increased resistance to fluoroquinolones. BES did not acquire foreign resistance
260 determinants during the outbreak. Sequence analysis of three early and 10 late
261 isolates showed three different mutations in oprD (Fig. 1B) that correlated with
262 higher resistance to imipenem (Welch Two Sample Test, P = 2.5 x 10°).
263 Resistance to carbapenem via OprD mutation, certainly favored by antibiotic
264  treatment, has been shown to enhance fitness in vivo and to facilitate mucosal
265  colonization and dissemination to the spleen (41).

266

267 Modulation of mexAB-OprM overexpression. The resistance-nodulation-
268  division efflux pump MexAB—-OprM is expressed at basal levels by wildtype cells
269 and regulated by a complex regulatory network of at least 10 direct or indirect
270 regulators (42) (Fig. 3A). Early isolates displayed an alteration of the DNA-
271 binding domain of the repressor protein MexR (H107P, substituting the polar
272 histidine with the non-polar proline). This resulted in the overexpression of mexB
273  relative to that of the PAO1 reference strain (Fig. 3B) and contributed to
274 enhanced resistance to the MexAB-OprM substrates aztreonam and
275  ciprofloxacin (Fig. S4) (43). Other mutations in MexAB-OprM-regulating regions
276  arose independently during the spread of BES and were found in 19 of the 27
277 late isolates. Hence, 12 isolates of BES carried non-synonymous mutations in
278 mexR, cpxR, or nalD, and seven had mutations in the promoter region of the
279 mexAB-oprM operon (Fig. 3A). We verified the impact of these mutations on the
280 expression of the efflux pump by measuring mexB expression in all isolates of

281 BES by RT-gPCR. Almost all the isolates (29 of 31, 94%) that had the same

14
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282 mutations in the mexAB-oprM regulation pathway as BES-1 overexpressed
283 mexB (median value, 4.3; Fig. 3B). Ten late isolates with a H107P MexR
284  background had undergone three types of mutations in the regulator CpxR (Fig.
285 3A), leading to an intermediate level of mexB expression (median value, 3.0; Fig.
286  3B). Moreover, 11 isolates harbored mutations in the mexA-mexR intergenic
287  region (MexR binding site, and mexA RBS region) or had a P107S substitution in
288 MexR (returning a polar amino acid — serine — to position 107), expressed mexB
289 at a level similar to that of the reference strain PAO1 (median value, 0.7; Fig.
290 3B). Efflux expression, as measured by mexB expression, also decreased over
291  time (Fig. 3C).

292  Overall, seven distinct regulatory mutations attenuated the initial mexAB-oprM
293  overexpression of BES (Fig. 3A). MexAB-OprM plays a role in antibiotic
294  resistance, but can also export virulence determinants that allow P. aeruginosa to
295 be invasive and cause infection (44). The attenuation of mexAB-oprM
296  overexpression has been shown to reduce the invasiveness of the bacteria in a
297  cell model (45). It is thus possible that convergent evolution decreasing the
298  overproduction of this pump contributed to the persistence of BES in hospitalized
299  patients. Moreover, the overexpression of mexAB-oprM reduces the survival of
300 P. aeruginosa in the environment (46). As expected, attenuation of the
301 overexpression of mexAB-oprM in late isolates reduced the level of resistance to
302 aztreonam and ciprofloxacin (Fig. S4). The regulatory mutations in BES
303 contrasted with the alterations in mexAB-oprM genes that are selected in

304 P. aeruginosa populations in CF airways, leading to hypersensitivity to antibiotics

15
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305 (47). A functional MexAB-OprM pump is necessary for the full virulence of
306 P. aeruginosa in cell models (48). However, its overproduction has no effect on
307 the invasiveness of the pathogen, advocating against the enhanced survival of
308 MexAB-OprM-overproducing mutants in protozoans (45). This fine-tuning of
309 mexAB-oprM expression possibly allows a trade-off between antibiotic
310 resistance, virulence, and survival in the environment. Such efflux modulation
311 may then be important for survival and persistence of the clone in hospital
312 setting.

313

314 Insertion or deletion of gene blocks during the spread of BES. P. aeruginosa
315 can evolve through the acquisition or loss of genome fragments (6). Accessory
316 gene profiling showed clear differences in accessory gene content among
317 isolates, with gene blocks specific to certain clusters (Table S4). For example,
318 isolates BES-1 and BES-28, which were retrieved four years apart and belonged
319 to different clades, independently underwent a ca. 130-kb deletion, including
320 genes encoding quorum-sensing regulators (Lasl, LasR, and Rsal) and the
321 flagellar operon region fli (23). The late isolate BES-52 lost a 278-kb fragment
322 that encompassed hmgA, of which deletion leads to an easily recognizable
323 brown colony phenotype due to homogentisate accumulation. These
324 melanogenic mutants are probably adapted to life in diverse bacterial
325 communities in chronically-infected patients (49). Despite the relatively high
326  plasticity observed throughout the outbreak, the decrease over time in the

327 number of genes per genome was not statistically significant (Spearman

16
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328 correlation test, P = 0.064; Fig. S5). The epidemiology of P. aeruginosa BES at
329  our hospital (Fig. 1A) supports the idea of emergence and extinction over time.
330 As genome reduction can alter the bacterial growth rate (50), we evaluated the
331 fitness of each BES isolate by coculturing them with an early representant of
332 BES and measuring by qPCR the proportion of each competitor after 48 h of
333 incubation. Coculture was preferred since it permits detection of fitness
334 differences that are < 1% per generation, undetectable through the assessment
335 of growth rates in single culture (51). Indeed, the fithess of BES decreased over
336 time (Fig. 4A) and correlated with the size of the genome (Fig. 4B). More
337  specifically, non-O:6 isolates (n = 7) showed lower fitness in coculture than O:6
338 isolates (Welch two-sample test, P = 0.012).

339

340 Limitations and strengths. This study had several limitations. Although we
341 selected randomly distributed isolates throughout the period of the outbreak, the
342  selection and inclusion criteria were not systematic and dependent on the
343  availability of the isolates. Thus, the data presented here may be affected by a
344 sampling bias that could have obscured epidemiological and evolutionary
345 signals. This retrospective study did not allow water sampling at the time of
346 emergence of the clone in the hospital (ca. 1978) that could have showed water
347  contamination with BES and V. vermiformis. However, others have showed that
348 V. vermiformis is endemic in hospital plumbing systems (52).

349 Here, we made use of a rare and valuable resource (i.e. longitudinally collected

350 isolates from a variety of infection types in a single hospital from a period of more
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351 than a decade). While adaptation of human pathogens within a single niche has
352  been described for evolution in vitro, very little research has focused on bacterial
353 adaptive processes within the course of an outbreak. We attempted to validate in
354 silico predictions by wet lab experiments. Hence, our genotype-to-phenotype
355 approach correlated tolerance to copper, resistance to antibiotics, modulation of
356 the expression of efflux pump, and bacterial fithess with genome content.
357 However, sequence analysis predicted auxotrophy for tryptophan and impaired
358 growth in histidine and asparagine, which were not confirmed in vitro. This
359  highlights the need to control the functional effects of the mutations observed in
360 WGS data.

361

362 Conclusions. This whole-genome phylogenetic analysis of a P. aeruginosa
363 outbreak suggests contamination of the water distribution system before the
364 opening of the hospital with the widespread clone of P. aeruginosa ST395. Its
365 resistance to copper and protozoans presumably helped the strain to survive in
366 the water distribution system. Although BES has presumably contaminated the
367 water network of the hospital before its opening, it further spread among patients
368 by other routes of transmission. The prevalence of patients infected by the
369 epidemic clone ST395 started to decrease in 2001, concomitantly with parallel
370 and convergent evolution. Indeed, independent mutations affected the amino-
371  acid metabolism pathways, led to the loss of porin OprD, and altered the LPS
372  synthesis pathway. It also modulated the overexpression of the efflux pump

373 MexAB-OprM, of which its fine-tuning may be important for survival and
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374  persistence of the clone. We found that the fitness of BES decreased over time,
375 in correlation with genome length. The parallel adaptation of the ST395 isolates
376  to patients may have decreased its resistance to the environment and thereby its
377  patient-to-patient transmissibility. This, along with the implemented infection
378 control measures, may have contributed to the extinction of this epidemic

379  pathogen in a hospital setting.
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380 Materials and Methods

381 Hospital setting and isolate collection. A prolonged outbreak of P. aeruginosa
382 in the University Hospital of Besancgon, a 1,300-bed teaching hospital in France,
383 was investigated. The construction of its facilities began in 1978 and the main
384  building was commissioned in 1983, with all pipes of the drinking-water
385 installation being made of copper. All P. aeruginosa isolates retrieved from
386 patients hospitalized between May 1997 and April 2008 were typed by pulsed
387 field gel electrophoresis (PFGE) to assess the number of infected patients.
388  Patients with P. aeruginosa isolates for which the pulsotype shared the same
389  band profile with the index case (n = 276) were included in the cohort (2). None
390 of them suffered from cystic fibrosis. Then, 54 isolates retrieved from 54 patients
391 (BES-1 to BES-54) were selected for sequencing. They were evenly distributed
392 over time and considered to be representative of the outbreak (Table S1). The
393 first 27 isolates were recovered in the early stages of the outbreak (before
394 January 2001) and the other 27 isolates were considered to be late isolates

395 (Table S1).

396 DNA sequencing and analysis. Bacterial DNA was isolated from overnight
397 cultures on Mueller-Hinton agar using the Genomic-tip kit (Qiagen) and paired-
398 end sequenced with Illumina NextSeq, at 2 x 150 bp. Reads were subsampled
399  before assembly to limit the coverage to 80X. The contigs were built with SPAdes
400 (53). Local and external outgroup isolates of P. aeruginosa of the same
401 sequence type (ST) were used to root the phylogenetic tree (Table S1) (3). We

402  previously sequenced BES-1, the first clinical isolate of BES identified in May
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403 1997, using PacBio technology and used it as a reference (23). STs were
404  determined in silico using the PUbMLST database (https://pubmist.org/) and the
405 homemade pipeline pyMLST (https://github.com/bvalot/pyMLST). The BES
406 pangenome was built by combining the BES-1 circular genome with non-
407  redundant contigs from the other BES isolates using the Ragout tool (54). For
408 this purpose, the assemblies of each BES isolate were aligned against the BES-1
409 genome using Mummer (55). Genes of the BES pangenome were detected using
410 Prodigal and then annotated with BLAST (56, 57). Resistance and virulence
411 genes were sought using ResFinder and the Virulence Factor DataBase,
412 respectively (58, 59). The reads from all isolates were then aligned against the
413 BES pangenome using BWA and the alignments used for further analysis
414  (https://github.com/Ih3/bwa). The presence or absence of each gene was tested
415 using FeatureCounts (60). SNPs were identified using freebayes with a minimum
416 coverage of 10 reads per isolate and a minimum quality of 30
417  (https://github.com/ekg/freebayes). Non-synonymous SNPs and SNPs in
418 promoter regions (RBS and promoter sequences at -10 and -35) were further
419 sorted. SNPs and gained or lost gene blocks were clustered in relation to the
420 phylogenetic tree with MixOmics (61). IS insertion events were detected using
421  panlSa software (62). The boundaries of each potential IS were sought in the
422 BES-1 genome to exclude chromosomal rearrangement before searching for
423 them in the BES genomes to assess the length of the potential ISs. The
424  presence of the potential IS was confirmed by PCR and sequencing with specific

425 I1S1 and IS2 primers (Table S2).
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426  Phylogeny and Most Recent Common Ancestor (MRCA) calculation. The
427 265 core genes of the BES isolates that harbored at least one SNP were
428 concatenated for phylogenetic analysis, producing a 397,062-bp alignment with
429 285 SNPs. MrBayes software was used to build the maximum clade credibility
430 tree (63). The isolation dates of the BES and outgroup isolates were used as

431  calibration nodes to calculate the age of the MRCA.

432 RT-gPCR experiments. mexB expression was assessed in all BES isolates by
433 RT-gPCR as previously described (43) with specific primers for the
434  housekeeping gene rpsL, and mexB (Table S2). After each assay, a dissociation
435  curve confirmed the specificity of all PCR amplicons. The mRNA levels of mexB
436  were normalized to that of the reference gene rpsL and expressed as a ratio to
437  the levels in the reference strain P. aeruginosa PAOL. Based on previous results,
438  all BES isolates with at least two-fold higher mexB expression than that in PAO1

439  were considered to be MexAB-OprM overproducers (43).

440 Phenotype determination. Susceptibility to antipseudomonal compounds was
441  tested using agar dilution, as recommended by the CLSI (64). We determined the
442  serotype of all isolates with specific antiserum (Bio-Rad). Metabolic changes in

443  BES isolates were assessed using procedures detailed in Fig. S2.

444  Survival of the BES-4 isolate and its AGI-7 mutant in a copper solution. For
445  all tested P. aeruginosa isolates, an overnight culture in Luria-Bertani broth (LBB,
446  Bio-Rad) was diluted 1/200 into fresh LBB and further incubated at 37°C with

447  gentle shaking until mid-log phase. The bacterial suspension was centrifuged

22


https://doi.org/10.1101/2020.09.21.307538
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.21.307538; this version posted September 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

448 and the pellet was washed once and resuspended in sterile deionized water. A
449 150 pg/L copper (1) sulphate solution (Sigma-Aldrich) was inoculated with
450 approximately 10° bacteria before incubation for 24 h at 22°C in the dark. The
451  concentration of 150 pug/L was chosen as it was the highest value retrieved in the
452  drinking water of our hospital (24). Initial and final bacterial concentrations were
453  determined by plating appropriate dilutions on LB agar (Bio-Rad) and incubating
454  overnight at 37°C. The ratios of the initial and final bacterial concentrations
455 determined the survival rates. We repeated each experiment six times
456  independently for all isolates. The reference strains of P. aeruginosa PAO1
457  (ST549), PA14 (ST235), and a clinical isolate of ST235 (strain PA1646)(24) were

458 used as controls.

459  Survival of P. aeruginosa in free-living amoebae. The survival and growth of
460 the BES strain was evaluated in the free-living amoeba Vermamoeba
461  vermiformis 172A, isolated from the drinking water installation of the Lausanne
462  Hospital (Switzerland) (65). The protozoans were grown in PYNFH medium (LGC
463  standards, Molsheim, France) as monolayers at 25°C before their harvest.
464  P. aeruginosa strains were cultured on Mueller—Hinton agar (MHA) for 24 h at
465 37°C, harvested, and then suspended in PAS. Briefly, 1.5 x 10°> amoebae were
466  incubated with P. aeruginosa at a MOI of 5 (five times more bacteria) for 4 h at
467  25°C. Non-internalized bacteria were then killed by a 2-h incubation with 0.3
468  mg.ml™ amikacin. The co-cultures were washed three times with PAS to remove
469  the antibiotic and further incubated in PYNFH for 24 h at 25°C. We then lysed the

470  amoebae with 0.4% Triton X100 for 30 min at 25°C. Appropriate dilutions of the
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471 initial and final bacterial inoculum were plated on MHA plates to calculate the

472 proportion of surviving bacterial cells.

473  Chromosomal deletion of the genomic island GI-7. The GI-7 region was
474 deleted from isolate BES-4 wusing overlapping PCR and homologous

475  recombination detailed elsewhere (24).

476  BES coculture. Mid-log phase BES isolates were co-cultured in LBB at a 1:1
477  ratio against the mutant BES-4AGI-7 as a reference. We extracted and purified
478 the DNA (QlAamp DNA Mini Kit, Qiagen) from 48-h co-cultures. DNA
479  concentrations were determined using QUBIT 2.0 and adjusted to 0.1 ng/ul. The
480 mutL (present in all isolates) and copB (specifically absent from BES-4AGI-7)
481 genes were quantified using specific primers and Tagman probes against
482  standard curves (Table S2). gPCR was performed on a 7500 Fast Real Time
483 PCR system and the results analyzed using 7500 software v 2.3 (Applied
484  Biosystems). The competition index (CI, proportion of the tested BES isolate in
485 the co-culture after 48 h of incubation) was calculated as the ratio of the
486  concentrations of copB and mutL. In other words, a Cl of 0.5 was neutral. The CI
487  of BES-4 against BES-4AGI-7 was 0.53 = 0.01, indicating that the deletion of GI-
488 7 did not alter bacterial fitness.

489 Data availability. All genomic data were deposited in NCBI under the project
490 accession number PRINA399056. Biosample details are given in the Table S1.
491

492
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765  Figure legends

766  Figure 1. Temporal data and phylogenetic tree of the P. aeruginosa
767 Besancon Epidemic Strain (BES) in a University Hospital. (A) Number of new
768  patients contaminated by or infected with P. aeruginosa BES (belonging to the
769  widespread clone ST395) by year during the 12 years of the outbreak in the
770  University Hospital of Besancon (France). (B) The left panel shows the tree built
771 with MrBayes using the following parameters: GTR substitution model and
772 1,000,000 cycles with the MCMC algorithm, with sampling of the chain every
773 1,000 cycles. We defined two major clades, 1 and 2, with clade 1 divided into
774  four sub-clades, lato 1d. The isolates in green and red are early (before January
775 2001) and late (after January 2001) isolates, respectively. Isolates in black were
776  outgroups. The right panel indicates non-synonymous mutations that affected
777  amino-acid metabolism, OprD, or lipopolysaccharide (LPS) biosynthesis. Fs,

778  frameshift. Mutations shown in bold indicate non-O:6 isolates.

779

780 Figure 2. P. aeruginosa BES is tolerant to copper- ions and proliferates in
781 the free-living amoebae Vermamoeba vermiformis. (A) Survival of
782  P. aeruginosa BES-4, with or without GI-7, in a 150 pg/L copper (llI) sulphate
783  solution after 24 h of incubation shown on a decimal logarithm scale. Values are
784  shown as the mean ratio = SD (= 5 independent experiments). PCR experiments
785  confirmed that the genomes of PAO1, PA14, and PA1646 (ST235) did not harbor

786  GI-7. (B) The P. aeruginosa BES (ST395) proliferates in the free-living amoebae
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787 Vermamoeba vermiformis. The reference strain V. vermiformis 172A was
788 inoculated with P. aeruginosa strains at a multiplicity of infection (MOI) of 5 and
789 incubated for 24 h at 25°C. Values are shown as the mean ratio + SD (3
790 technical replicates and = 3 biological replicates). ANOVA (analysis of variance)
791  with a Tukey HSD (honestly significant difference) test: a-b, a-c, a-d, b-c, b-d,
792  and c-d are significantly different; P < 0.01. For the two panels, y-axis represent
793  the ratio of the quantification on LB agar plates of the living cells at the en of the

794  experiments and that of the initial inoculum.

795

796 Figure 3. P. aeruginosa BES attenuates the overexpression of the RND
797  efflux pump MexAB-OprM during its spread via parallel and convergent
798 evolution. (A) Mutations affecting mexAB-oprM expression in P. aeruginosa
799  BES in the regulatory network of mexAB-oprM. Local repressor MexR ensures
800 basal expression of the mexAB-oprM operon. The repressor NalD directly binds
801 to the proximal promoter of the operon. NalC indirectly modulates mexAB-oprM
802  expression by repressing the expression of the armZ gene, the product of which
803 acts as an anti-repressor of MexR. Mutations in these three repressors have
804 been reported in nalB, nalD, and nalC mutants, respectively. Two direct
805 activators of mexAB-oprM are CpxR and BrIR. Finally, the products of four other
806 genes have been reported to have an indirect negative (mexT, rocS1/2-A2,
807 PA3225) or positive (ampR) impact on mexAB-oprM expression (64). Red
808 triangles indicate mutations occurring in regions involved in the regulation of

809 mexAB-OprM expression, with the number of the affected BES isolates in
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810 parenthesis. (B). Expression of mexB in isolates of BES sorted by the type of
811 mutation in the regulatory pathway of mexAB-oprM. ANOVA with a Tukey HSD
812 test: a-b, a-c, and b-c are significantly different; P < 0.001. (C) Attenuation of
813 mexAB-oprM overexpression in P. aeruginosa BES over time. Pearson
814  correlation between mexB expression and the time of isolation: - 0.547 (P = 1.87

815  x 107).
816

817 Figure 4. The fitness of P. aeruginosa BES decreases in relation to its
818 genome size during a hospital-associated outbreak. (A) P. aeruginosa
819 isolates of BES were cocultured in Luria-Bertani broth with the reference isolate
820 P. aeruginosa BES-4AGI-7. After 48 h of incubation, we determined the
821  copB/mutL ratio, which represents the proportion of the tested isolate of BES
822  (harboring copB and mutL) in the co-culture relative to that of the isolate BES-
823  4AGI-7 (harboring only mutL) and used it to calculate the competition index (Cl),
824  as described in Materials and Methods. Data are shown as the mean £ SD of two
825 technical replicates, indicative of three biological replicates. The CI of each BES
826 isolate is plotted against its time of isolation. The dotted line (Cl = 0.5) represents
827 an equal fitness. Pearson correlation test between the CI and the time of
828 isolation: - 0.379 (P = 0.00465). (B) The fitness of P. aeruginosa BES correlates
829  with the size of the genome. Pearson correlation test between the CI and the

830 number of genes in the genome: 0.525 (P = 4.7 x 10™).
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