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ABSTRACT

Pseudomonas aeruginosa is a common nosocomial pathogen and a major cause
of morbidity and mortality in hospitalized patients. Multiple reports highlight that P.
aeruginosa gastrointestinal colonization may precede systemic infections by this
pathogen. Gaining a deeper insight into the dynamics of P. aeruginosa gastrointestinal
carriage is an essential step in managing gastrointestinal colonization and could
contribute to preventing bacterial transmission and progression to systemic infection.
Here, we present a clinically relevant mouse model relying on parenteral vancomycin
pretreatment and a single orogastric gavage of a controlled dose of P. aeruginosa.
Robust carriage was observed with multiple clinical isolates, and carriage persisted for
up to 60 days. Histological and microbiological examination of mice indicated that this
model indeed represented carriage and not infection. We then used a barcoded P.
aeruginosa library along with the sequence tag-based analysis of microbial populations
(STAMPR) analytic pipeline to quantify bacterial population dynamics and bottlenecks
during the establishment of the gastrointestinal carriage. Analysis indicated that most of
the P. aeruginosa population was rapidly eliminated in the stomach, but the few bacteria
that moved to the small intestine and the caecum expanded significantly. Hence, the
stomach constitutes a significant barrier against gastrointestinal carriage of P.

aeruginosa, which may have clinical implications for hospitalized patients.

IMPORTANCE
While P. aeruginosa is rarely part of the normal human microbiome, carriage of

the bacterium is quite frequent in hospitalized patients and residents of long-term care
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facilities. P. aeruginosa carriage is a precursor to infection. Options for treating
infections caused by difficult-to-treat P. aeruginosa strains are dwindling, underscoring
the urgency to better understand and impede pre-infection stages, such as colonization.
Here, we use vancomycin-treated mice to model antibiotic-treated patients who become
colonized with P. aeruginosa in their gastrointestinal tracts. We identify the stomach as a
major barrier to the establishment of gastrointestinal carriage. These findings suggest
that efforts to prevent gastrointestinal colonization should focus not only on judicious
use of antibiotics but also on investigation into how the stomach eliminates orally

ingested P. aeruginosa.

INTRODUCTION

In 2019, one in eight global deaths were attributable to bacterial infections (1). A
handful of bacteria were responsible for half of these deaths, including Pseudomonas
aeruginosa, which causes a wide range of healthcare-associated infections such as
pneumonia, bloodstream infections, wound or surgical site infections, and urinary tract
infections (1, 2). These infections are especially life-threatening for individuals who are
hospitalized, immunocompromised, or have chronic lung diseases. In addition to being
one of the leading causes of nosocomial infections (3), P. aeruginosa is also highly
resistant to antimicrobial agents, making these infections difficult to treat (4). Some P.
aeruginosa isolates are resistant to nearly all available antibiotics, including
carbapenems, which has led to the CDC classifying multidrug-resistant P. aeruginosa as

a serious threat (5).
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P. aeruginosa is rarely part of the gastrointestinal (Gl) microbiome of healthy
individuals (4%) (6); however, it more efficiently colonizes patients in the intensive care
unit (ICU) (10-55%) (6—8), with cancer (31%-74% of hospitalized patients) (9, 10), or in
long-term care facilities (52%) (11). Importantly, Gl carriage of P. aeruginosa is a key
risk factor for subsequent development of infection (7, 12—14). As part of a prospective
study, Gomez-Zorrilla et al. determined that after a 14-day stay in the ICU the probability
of developing a P. aeruginosa infection was 26% for carriers versus 5% for noncarriers
(13). In addition to the risk for infection, Gl carriage can facilitate transmission of P.
aeruginosa to other patients (15, 16). Thus, gaining a deeper understanding of P.
aeruginosa Gl carriage is crucial to prevent infections, manage rising rates of antibiotic
resistance, and improve overall patient safety in healthcare settings.

While several animal models are available for the investigation of P. aeruginosa
virulence and dissemination (17-24), fewer models have focused on Gl carriage. In
patients, antibiotic use has been correlated with an increased risk of P. aeruginosa Gl
colonization (12, 25-27). Previous studies have exploited this correlation to develop
animal models that have provided important information on how P. aeruginosa
establishes carriage. However, these models have relied on extended exposure to P,
aeruginosa or the use of immunocompromised mice (18, 28, 29). It is estimated that
around two-thirds of patients in the ICU are immunocompetent (30, 31). By using
antibiotic pretreatment and immunocompetent animals, we aimed to develop an animal
model of P. aeruginosa Gl carriage that better mimics a typical ICU patient.

Here, we describe a murine model of P. aeruginosa Gl carriage that is facilitated

by the daily intraperitoneal (IP) injection of vancomycin for seven days and by a single
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85 dose of P. aeruginosa delivered via oral gavage. With this model, robust Gl carriage

86 was observed in both female and male mice, occurred with multiple clinical P.

87 aeruginosa isolates, and persisted for up to 60 days. Additionally, to investigate the

88 population dynamics of Gl carriage, we used barcoded P. aeruginosa bacteria and

89 determined that the stomach constituted a major barrier against Gl carriage of P.

90 aeruginosa. Bacteria that passed through the stomach were able to efficiently replicate

91 in the small intestine and caecum, facilitating excretion of high numbers of P,

92 aeruginosa. These barcoding experiments yielded interesting insights into the dynamics

93 of P. aeruginosa Gl carriage.

94

95 RESULTS

96

97 Vancomycin promotes gastrointestinal carriage of P. aeruginosa

98 Our goal was to develop a clinically relevant animal model that recapitulates the

99 asymptomatic P. aeruginosa Gl carriage observed in hospitalized patients. First, we
100 tested the ability of the P. aeruginosa clinical isolate PABL048, delivered by orogastric
101 gavage, to be carried in the Gl tract of mice in the absence of antibiotic pretreatment.
102  The extent of the carriage was assessed by fecal collection and plating on selective
103  medium followed by CFU enumeration. Following pretreatment with IP phosphate-
104  buffered saline (PBS), Gl carriage of P. aeruginosa did not occur (Fig. 1A). Because
105 antibiotic exposure correlates with an increased risk of Gl colonization in patients (12,
106  25-27), we investigated the effect of IP vancomycin injection on the carriage of P.

107  aeruginosa in mice. Vancomycin was chosen because it is one of the most commonly
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108 used antibiotics in the U.S. (32, 33) and does not have activity against P. aeruginosa
109 (34). Three regimens of IP vancomycin treatment combined with orogastric gavage of P.
110 aeruginosa were tested (all with a daily dose of 370 mg/kg of vancomycin — equivalent
111  to a human dose of 30 mg/kg (35)). All three regimens supported the carriage of P.

112  aeruginosa (Supplemental Fig.1). While vancomycin pretreatment for either 3 or 5 days
113  prior to the orogastric gavage led to similar levels of Gl carriage of P. aeruginosa, higher
114  fecal burdens were observed when vancomycin injections were continued for two days
115  after the orogastric gavage (Supplemental Fig.1). For all subsequent experiments, we
116  therefore chose a regimen consisting of vancomycin on days -4 to -1, vancomycin and
117 P aeruginosa on day 0, and vancomycin on days +1 and +2 (Fig. 1B), which

118 cumulatively corresponds to a typical 7-day course of vancomycin commonly prescribed
119 to patients (36). When mice were treated with this regimen of vancomycin and

120  challenged with 10°® CFU of the P, aeruginosa isolate PABL048, bacterial shedding

121  averaged 10°-108 CFU/g of feces during the first week (Fig. 1A). Although recovered
122  CFU decreased somewhat during the second week post-inoculation, carriage levels

123 remained between 10°and 10’ CFU/g of feces. Gl carriage of P. aeruginosa was similar
124  in male and female mice (Fig. 1A).

125 A substantial proportion of the P. aeruginosa genome is accessory (i.e., varies
126  from strain to strain) (37). To examine whether these genomic differences allowed some
127  strains of P. aeruginosa to establish higher or lower levels of Gl carriage in this model,
128  we individually inoculated mice with six clinical isolates: PABL004, PABL0O06, PABL012,
129 PABLO048, PABL049 and PABL054. These isolates are genetically diverse and exhibit

130 differing levels of virulence in a bloodstream infection model (38) (Supplementary Table
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131 1). Despite these differences, bacterial loads detected in the feces were similar for all
132 strains over the first 10 days of the experiment (Fig. 1C). While more variability was

133  observed on day 14, persistent carriage of all strains was detected. These results, taken
134  together with the establishment of Gl carriage in both sexes, demonstrate that

135 vancomycin pretreatment produces a robust and reliable model to investigate P.

136  aeruginosa carriage.

137

138 Gl carriage of P. aeruginosa does not cause Gl inflammation

139 Carriage may be distinguished from infection by the absence of inflammation. To
140 examine the vancomycin-treatment model represented true carriage, we performed

141  histopathological analyses of the Gl tract tissues. Mice received daily IP injections of
142 vancomycin or PBS (day -4 to day +2) and were gavaged with either 10! CFU of

143  PABLO048 or PBS (mock) on day 0. We chose to expose mice to a higher dose of

144  bacteria than used in the previous experiments to maximize the possibility of observing
145 inflammation. On day 3 post-orogastric gavage, mice were sacrificed and organs from
146  the Gl tract were harvested for histopathological examination. Organ sections were

147  stained with hematoxylin-eosin (H&E) and screened for inflammation as evidenced by
148  the presence of inflammatory cells or tissue damage. Neither of these were observed in
149  any of the samples, and each section of the Gl tract remained histologically normal (Fig.
150  2). Multifocal clusters of bacteria were observed adjacent to the mucosal surface of the
151 stomach of all 3 mice that received IP PBS treatment and orogastric delivery of P.

152  aeruginosa. These bacteria were primarily rod-shaped, compatible with P. aeruginosa

153  morphology (39), but it was unclear whether they were dead or alive. Despite the
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154  presence of these bacteria in the stomach of PBS-treated mice three days after

155 inoculation, P. aeruginosa bacteria were not cultured from their feces (Supplemental

156  Fig. 2). Among mice treated with vancomycin prior to the bacterial inoculation, only one
157 mouse exhibited bacteria adjacent to the surface mucosa of the stomach. While all mice
158 that received vancomycin treatment and P. aeruginosa had feces that grew this

159  bacterium (Supplemental Fig. 2), no bacteria were observed within the bowel walls of
160 the small intestine, the caecum, or the colon of these same animals (Fig. 2), suggesting
161 that P. aeruginosa remained in the lumen of the Gl tract and did not invade the intestinal
162  wall. In addition to these histopathological observations, mice exhibited no signs of

163  systemic iliness (e.g., decreased activity, ruffled fur) at any point during the experiment.
164  Taken together, these results suggest that this is a model of Gl carriage of P. aeruginosa
165 rather than infection.

166

167 P. aeruginosa bacteria remain largely within the Gl tract

168 Since the intestinal tract has previously been identified as the main source of P,
169 aeruginosa for the development of infections in immunocompromised patients (12, 40,
170  41), we assessed whether this model resulted in dissemination of P. aeruginosa to other
171 tissues. Mice were orogastrically inoculated with 10”* CFU of PABL048, and P,

172  aeruginosa CFU were enumerated from various organs at days 3, 7 and 14 post

173  gavage. Most of the bacteria were detected in the organs of the Gl tract, including the
174  stomach, small intestine, caecum, colon, and feces (Fig. 3). Nevertheless, P.

175 aeruginosa was occasionally detected in the gallbladder, spleen, liver, or lungs within

176  the first 7 days post gavage. This suggests that, in this model, escape of bacteria from
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177  the gut, while very infrequent, did occasionally occur in the absence of observable signs
178  of systemic illness. However, by two weeks post-inoculation, we did not observe

179  bacteria in any systemic site of the mice. In summary, dissemination of P. aeruginosa
180 from the Gl tract is rare in this model of GI carriage.

181

182  P. aeruginosa establishes long-term carriage

183 To further characterize this model, we interrogated the duration of carriage

184  following a single orogastric gavage of P. aeruginosa. When inoculated with 10>” CFU
185  of PABLO048, all mice carried P. aeruginosa in their Gl tract for at least 10 days (Fig. 4).
186 At day 60, 70% of all mice (7/10 females, 7/10 males) were still shedding P. aeruginosa
187  from their Gl tract. These results show that, in this model, P. aeruginosa establishes

188 long-term Gl carriage following a single exposure.

189

190 The stomach constitutes the main bottleneck of Gl carriage

191 Investigation across the segments of the Gl tract indicated that not all tissues

192  supported the same levels of P. aeruginosa carriage (Fig. 3). Thus, we sought to

193 examine the Gl carriage dynamics following orogastric inoculation with P. aeruginosa. In
194  particular, we wanted to identify which segments of the Gl tract contributed to population
195  bottlenecks or supported bacterial expansion in this model. The sequence tag-based
196  analysis of microbial populations (STAMP) technique (42), which relies on the

197 generation of a bacterial library with insertions of short, random nucleotide DNA tags
198 into a neutral site of the chromosome, is ideal for this purpose. Animals are inoculated

199  with this library, and barcode frequency and diversity at different locations and times


https://doi.org/10.1101/2024.08.19.608679
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.19.608679; this version posted August 20, 2024. 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-NC-ND 4.0 International license.

200 postinoculation are interpreted using the refined framework of STAMP (known as

201 “STAMPR?”) (43). This analysis estimates the size of the founding population (Ns),

202 defined as the number of bacterial cells from the inoculum that successfully passed

203 through physical, chemical and immune barriers in the host to establish the population
204  at the site of infection. A low Ng value (a small number of unique barcodes) is indicative
205 of a tight bottleneck, while a high Ng value (a large number of unique barcodes) is

206 reflective of a wide bottleneck. Comparison of CFU obtained from a tissue with the Ng
207 value provides insight into the extent of bacterial expansion; for example, high CFU
208 could be obtained from 1) a wide bottleneck followed by little bacterial replication or 2) a
209 tight bottleneck followed by extensive replication of a small number of founders.

210 We applied STAMP to the vancomycin-treated mouse model. We used a

211 previously generated barcoded library in the P. aeruginosa clinical isolate PABL012

212 (~6,000 unique tags, each ~30 bp) that had been validated by Bachta and colleagues
213 (designated “PABLO12,00") (44). Note that fecal shedding of PABL012 was similar to
214  that of PABLO048 in the vancomycin-treated mouse model (Fig. 1C). Because we

215 observed stable Gl carriage of PABL012 between days 3 and 7, we deduced that major
216  steps of Gl carriage establishment were likely to occur within the first 3 days following
217  inoculation. Using the vancomycin-treated mouse model, we delivered 10%" CFU of the
218  PABLO012,40 library through orogastric gavage and collected and analyzed segments of
219 the Gl tract (stomach, small intestine, caecum, colon, and feces) at 24, 48, or 72 hours
220 post-inoculation (hpi).

221 As previously observed with PABL048 (Fig. 3), all organs of the Gl tract

222 supported the carriage of PABL012,4 (Fig. 5A-D). The stomach was the organ with the

10
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223 largest variation in total CFU recovered (Fig. 5 A-D); while P. aeruginosa was no longer
224 recovered from the stomach of some mice, others carried 10*° CFU. The caecum and
225 the feces had the highest bacterial burdens during the first 3 days of Gl carriage.

226  Median CFU loads recovered from all sites were stable over the first 3 days (Fig. 5D),
227  suggesting that Gl carriage is established during the first 24 hours following P.

228 aeruginosa delivery and maintained for the next two days.

229 In all organs at all time points, Ng values were low, indicating that a tight

230 bottleneck was encountered by P. aeruginosa following inoculation (Fig. 5A-C, E). Ns
231  values were the lowest in the stomach, with median values below 10 for all three time
232 points. Therefore, nearly all the bacteria initially inoculated into the stomach were either
233 killed or expelled to the small intestine within the first 24 hours. The higher Ng values
234  observed in the distal Gl tract suggest that certain clones passed through the stomach
235  but successfully established themselves further along the Gl tract. By looking at the

236 inoculum passage through the Gl tract at early timepoints (1h and 6h post gavage), we
237 confirmed that P. aeruginosa bacteria were mostly killed in the proximal Gl tract rather
238 than rapidly passaged to the distal Gl tract and expelled in the feces (Supplemental Fig.
239  3). The nearly identical founding population sizes at each time point in the distal Gl tract
240 indicate that these segments are quite permissive for P. aeruginosa carriage (Fig. 5E).
241  Taken together, these data suggest that nearly all P. aeruginosa bacteria are rapidly (in
242  less than 6 hours) eliminated from the stomach and that a small number of bacteria

243  pass through to the small intestine and downstream segments of the Gl tract.

244

245 The small intestine and caecum support high replication of P. aeruginosa

11
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246 The large CFU counts and corresponding small founding populations in different
247  organs highlighted the ability of P. aeruginosa to replicate in the Gl tract (Fig. 5). For
248 each segment of the Gl tract, we defined net replication (which includes the combined
249 effects of replication, death, and migration) as the ratio between CFU and Ns. The

250 greatest expansion of P. aeruginosa from a small founding population occurred in the
251  caecum with CFU/N; ratio greater than 10°, but substantial expansion was also

252 observed in the stomach, small intestine and colon (Supplemental Fig. 4). Theoretically,
253  high CFU/Ns could occur solely by local bacterial multiplication, by migration of bacteria
254  en masse from an adjacent portion of the Gl tract, or a combination of these two

255 processes. Local multiplication would yield compartmentalized regions of the intestine,
256  where different clones are spatially segregated along the length of the Gl tract. In

257 contrast, movement of bacterial populations along the Gl tract would yield more similar
258 barcode distributions between regions of the intestine. To distinguish between these
259 possibilities, we quantified the genetic relatedness of P. aeruginosa populations in each
260 segment of the Gl tract. Genetic relatedness is determined by comparing the genetic
261 distance (GD) of barcode distributions between two populations (45). GD varies from 0
262 to 0.9, with low values indicating highly similar barcode distributions between two

263  samples and high values indicating different barcode distributions between samples.
264  For all time points, the caecum, the colon, and the feces contained, on average, highly
265  similar barcode populations of P. aeruginosa (GD < 0.06) (Fig. 6 A-D, dark purple).

266  Additionally, the GD between the small intestine and the caecum, colon and feces

267 decreased over time (Fig. 6D, teal). These findings, along with the high CFU/Ng values

268 observed in the distal Gl tract (Supplemental Fig. 4), are consistent with a model in

12
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269  which P, aeruginosa, despite not being viewed as an enteric bacterium, multiplies

270  rapidly and to high numbers in the caecum or the small intestine. These large

271  populations of bacteria then move to the colon and are subsequently expelled in the
272  feces. They also support the conclusion that P. aeruginosa bacteria recovered from

273  fecal samples are most representative of those carried in the distal Gl tract and confirm
274  the utility of using fecal sampling to study P. aeruginosa carriage.

275 Genetic similarity between two sites can be achieved through different population
276  patterns. For example, two Gl segments can be highly similar owing to a single

277 dominant clone shared between both sites or due to underlying sharing of hundreds of
278 clones, each with low abundance. To define the number of clones that contribute to

279  genetic similarity, we calculated a metric known as “resilient” genetic distance (RD),

280 which quantifies the number of shared clones that contribute to genetic similarity

281 between two samples (0.8 threshold, see Methods) (43). Genetically similar samples
282  with many shared clones have high RD values, whereas genetically similar samples

283  which share only a few clones have low RD values.

284 The interpretation of whether RD is “low” or “high” is relative to the number of
285 barcodes in a sample. To normalize RD values, the natural logarithm (In) of RD is

286 divided by the In of the number of distinct barcodes, creating a fractional RD (FRD). The
287 FRD represents the number of shared barcodes in a pair of samples (samples A and B)

288 relative to the number of distinct barcodes in a reference sample (sample B) (43). For

In(RD4—_p+1)
In(Number of barcodes in B+1)

289 example, FRDag is calculated as , measuring the ratio of

290 shared barcodes between samples A and B relative to the number of distinct barcodes

291 in sample B. Therefore, an FRDa g of = 1 indicates that nearly all barcodes shared

13
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292  between sample A and B are found in sample B, while low FRDag indicates that shared
293 clones represent a low fraction of barcodes in sample B. When contextualized with GD,
294  FRD provides a normalized metric to interpret the number of shared clones that

295 contribute to similarity and to suggest the possible directionality of clone transfer.

296 We next compared GD and FRD to decipher how clonal sharing of P. aeruginosa
297 along the intestine changes over time. At 24 hpi, the P. aeruginosa populations in the
298 stomach and the small intestine had only moderate similarity to those of the caecum,
299 large intestine, and feces (average GDs = 0.54 and 0.41, respectively) (Fig. 6A). Using
300 FRD values, we identified distinct patterns driving the genetic distances between the
301 segments of the Gl tract. At 24 hpi, the stomach and the small intestine had moderate
302 genetic distance (average GD = 0.66) (Fig. 6A, D), indicating that the populations

303 between these environments were relatively different. The median FRDstomach-small intestine
304 (0.36) was lower than FRDsmal intestine-stomach (0-89) (Fig. 6H), illustrating that the shared
305 barcodes constitute a smaller proportion of the total barcodes in the small intestine than
306 in the stomach; the small intestine possesses a greater number of unique clones. The
307 greater number of unique clones in the small intestine suggests either (1) reflux of a
308 subpopulation of bacteria from the small intestine to the stomach or (2) initial seeding of
309 the stomach and small intestine with more similar populations followed by rapid

310 elimination of a portion of the population in the stomach. The decreasing GD between
311 the stomach and the small intestine over time supports the idea of bacterial reflux from
312 the small intestine. Very little similarity was present between P. aeruginosa populations
313 in the feces and the stomach, indicating that coprophagia did not significantly contribute

314  to reseeding of the stomach (Supplemental Fig. 5). Both the average FRDgmali intestine-

14
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315  caecum @nd FRDcaecum-small intestine Were greater than 0.9, indicating that relatedness

316  between the small intestine and caecum is driven by a large portion of shared barcodes
317 (Fig. 6E, H). The differential expansion of a small number of clones likely accounted for
318 the genetic distance (average GD = 0.41) between these two sites (Fig. 6A,

319 Supplemental Fig. 5). The high FRD and low GD values between the small intestine and
320 the caecum suggest that P. aeruginosa clones efficiently trafficked between these two
321 compartments, either through natural peristalsis or retrograde movement, before

322 continuing expansion at both sites. On the other hand, the extremely low GD values

323  between the caecum, colon, and feces (Fig. 6A-C) with corresponding FRD values =
324  0.89 (Fig. 6E-G) suggest that bacterial populations move freely between these sites.
325 These observations, together with the fact that CFU are consistently higher than Ns

326 values, indicate that vancomycin pretreatment robustly enables P. aeruginosa

327 replication and movement along the Gl tract, rather than simply facilitating the transient
328 transfer of an initial inoculum through the Gl tract.

329 Overall, our findings suggest that (i) the vast majority of orogastrically

330 administered P. aeruginosa bacteria are rapidly (within 6 hours) killed in the stomach, (ii)
331 less than 0.01% of P. aeruginosa from the inoculum persists in the intestine over the
332 first 72 hours, (iii) robust P. aeruginosa replication occurs in the small intestine and the
333 caecum, and (iv) bacterial populations subsequently migrate along the distal Gl tract
334 and are expelled in the feces.

335

15


https://doi.org/10.1101/2024.08.19.608679
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.19.608679; this version posted August 20, 2024. 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-NC-ND 4.0 International license.

336 DISCUSSION

337 In this study, we established a murine model of P. aeruginosa Gl carriage that
338 mimics patients receiving antibiotics in the hospital setting. This model is clinically

339 relevant, as it utilizes vancomycin, and has been validated with both sexes and multiple
340 clinical isolates. The absence of Gl tract inflammation confirmed that this model

341 represents carriage, not infection. Nevertheless, occasional low-level escape of P,

342  aeruginosa to other organs suggests a possible route by which Gl carriage may lead to
343  subsequent infection at remote sites (7, 12—14). Long-term Gl carriage was established
344  after a single dose of P. aeruginosa, with 70% of mice still carried the bacterium after 60
345 days. Using barcoded bacteria, we found that most of the bacterial inoculum was

346 eliminated within the first 6 hours, primarily in the stomach. However, once P.

347  aeruginosa reached the small intestine and the caecum, bacteria replicated robustly,
348 leading to significant fecal excretion as winnowed bacterial populations migrated

349  unimpeded through the caecum and colon.

350 Confirming previously reported results (28), we found that untreated mice did not
351 support Gl carriage of P. aeruginosa. In contrast, seven days of vancomycin delivered
352 through IP injection promoted high-level and prolonged Gl carriage of P. aeruginosa.
353 Several studies have investigated the impact of orally administered vancomycin on the
354  gut microbiota and have reported a decrease in Bacteroidetes and a subsequent

355 increase in Proteobacteria and Fusobacteria phyla (46-50). Firmicutes levels were also
356 altered by oral vancomycin treatments, with the directionality of the impact varying

357 across bacterial species. We speculate that IP delivered vancomycin achieves relatively

358 high concentrations in the lumen of the Gl tract, that it has a similar effect on the mouse
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359 microbiome, and that depletion of some microbiome constituents from the Gl tract

360 creates a niche for the establishment of P. aeruginosa. While we did not observe

361 histopathological changes following vancomycin treatment, it is also possible that this
362 antibiotic facilitates P. aeruginosa carriage through a direct effect on the host, such as
363 immunomodulation, independent from a modification of the microbiome (49). As a first
364  step in understanding the mechanism by which vancomycin facilitates P. aeruginosa
365 carriage, we are currently characterizing the changes in the microbiome over time

366 following administration of vancomycin in this model.

367 All six clinical isolates of P. aeruginosa tested in our study established carriage in
368 the Gl tract to a similar extent. These isolates are genetically diverse and include both
369 exoU’ and exoS” strains, as well as high-risk and non-high-risk clones (38). Robust
370 colonization by different isolates suggests that the ability for P. aeruginosa to establish
371 Gl carriage depends on a set of features encoded by the core genome of the bacterium.
372 Genes encoding metabolic factors, transcriptional regulators, adhesins, secretion

373  systems, membrane homeostasis proteins and bile resistance factors have been

374 identified as important for the Gl carriage of other bacterial species (51-55). We

375 suspect that P. aeruginosa carriage requires a similar set of features. The reliance on
376  additional strain-specific strategies is nonetheless not excluded. Treatment with

377 vancomycin for seven days likely caused a severe dysbiosis, masking the need for
378 strain-specific factors that contribute to carriage in the presence of a less perturbed
379 microbiome. Additionally, we observed that Gl carriage can last for several weeks

380 following a single exposure to the bacterium and cessation of vancomycin. Several

381 studies have reported that the long-term carriage of P. aeruginosa in the lungs of

17


https://doi.org/10.1101/2024.08.19.608679
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.19.608679; this version posted August 20, 2024. 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-NC-ND 4.0 International license.

382 individuals with cystic fibrosis or chronic obstructive pulmonary disease is accompanied
383 by genetic adaptations of the bacterium (56-58). It is possible that the set of genes or
384 alleles contributing to carriage of P. aeruginosa evolves as bacteria transition from the
385 early stages of carriage to long-term colonization.

386 In patients, the Gl carriage of P. aeruginosa is a predictor for the subsequent

387 development of P. aeruginosa infections at various sites (7, 12, 13). Shortly after

388 bacterial inoculation, we show that low-level dissemination from the gut to the

389 gallbladder, spleen, liver, or lungs occasionally occurs, perhaps explaining these clinical
390 observations. Gut dysbiosis can lead to the development of a leaky intestinal barrier,
391 where pathogen molecules translocate from the gut into the bloodstream (59). The

392 present study utilized healthy mice. However, dissemination to other tissues may be
393 accentuated in immunocompromised animals, leading to more severe infections, as
394 shown by Koh et al. (18). Interestingly, 12 days after cessation of vancomycin

395 administration (14 days after orogastric gavage with P. aeruginosa), P. aeruginosa CFU
396 in the feces remained high but dissemination from the gut was no longer observed.

397 Calderon-Gonzalez et al. showed that Klebsiella pneumoniae dissemination from the Gl
398 tract was promoted by antibiotic treatments (51). It is therefore possible that vancomycin
399 may support not only Gl carriage but also dissemination of P. aeruginosa, and that

400 dissemination diminishes over time as vancomycin is cleared.

401 STAMPR has been used by several groups to measure the dynamics of bacterial
402  spread in colonization and systemic dissemination (44, 60, 61). We used STAMPR to
403  show that most P. aeruginosa bacteria are eradicated prior to carriage. Two recent

404  studies indicate that stomach acidity significantly restricts the Gl carriage of Citrobacter
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405 rodentium and K. pneumoniae (51, 62). While stomach acidity constricts C. rodentium
406  numbers by 10- to 100-fold (62), our results show an even more severe constriction for
407 P aeruginosa in the stomach. The stomach pH of healthy mice fluctuates between 3-4,
408  while the rest of the Gl tract tends to have a more neutral pH of 6-8 (63). P. aeruginosa
409 can grow at a wide range of pH, but its optimal growth pH ranges between 6 and 8 (64).
410 Thus, acidity may be the mechanism underlying the loss of P. aeruginosa barcode

411  diversity in the stomach. This possibility could be tested by pharmacologically

412  neutralizing stomach acid and subsequently measuring the size of downstream

413  founding populations of P. aeruginosa. Interestingly, the rest of the Gl tract was quite
414  permissive to carriage. In the absence of vancomycin treatment, no carriage could be
415 established, indicating the presence of a second barrier to P. aeruginosa, perhaps

416  downstream of the stomach in untreated mice. Campbell et al. recently monitored the
417 dynamics of C. rodentium enteric carriage and identified the microbiota as the major
418 factor limiting colonization (62). This supports the idea that vancomycin facilitates the
419 carriage of P. aeruginosa by eliminating a microbiome-mediated barrier, a hypothesis
420 that could be tested with germ-free mice. In this sense, P. aeruginosa is both an

421  “opportunistic pathogen” and an “opportunistic colonizer.”

422 Together, our findings suggest the following model of P. aeruginosa carriage:
423  within a few hours (less than 6 hours), a drastic constriction (less than 0.01% survival
424  on average) of the bacterial inoculum occurs in the stomach (Fig. 7). A very small

425  proportion of the P. aeruginosa inoculum passes through the stomach to reach the small
426 intestine and the caecum. The small number of remaining founders rapidly replicate in

427  both the small intestine and the caecum, and the resulting bacterial populations migrate
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428 from the caecum to the colon and are expelled in the feces. In addition to the expected
429 trafficking route from the stomach to the small intestine, a small portion of P. aeruginosa
430 may also reflux from the small intestine back to the stomach. Using STAMPR, we have
431 identified the stomach as the main barrier to P. aeruginosa carriage in this animal model
432 and the small intestine and the caecum as the main sites of bacterial expansion.

433  Overall, this model advances the understanding of P. aeruginosa dynamics during Gl
434  carriage and may be useful in studying adaptation of P. aeruginosa during prolonged
435  colonization, persistence following administration of antibiotics other than vancomycin,
436  and identification of P. aeruginosa and host factors that facilitate carriage. In addition,
437  our findings have clinical implications, such as the potential importance of more

438 judicious use of acid suppressing drugs and vancomycin in preventing P. aeruginosa Gl
439 carriage.

440

441  MATERIALS AND METHODS

442

443  Bacterial strains and culture conditions

444 PABL004, PABL0O06, PABL0O12, PABL048, PABL049 and PABL054 are archived
445 P aeruginosa clinical isolates cultured between 1999 and 2003 from the bloodstream of
446  patients at Northwestern Memorial Hospital in Chicago (65). Relevant characteristics of
447  the strains are listed in Supplementary Table 1. Unless otherwise stated, bacteria were
448  streaked from frozen stocks onto either Lysogeny broth (LB) or Vogel-Bonner minimal

449 (VBM) (66) agar plates and subsequently grown at 37°C in LB medium with shaking.
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450 When antibiotic selection for P. aeruginosa was necessary, supplementation with

451  irgasan (irg) at 5 pg/mL was used.
452

453  Murine model of gastrointestinal carriage

454 Six- to eight-week-old C57BL/6 mice (Jackson Laboratory) received either 200
455 uL (female) or 250 uL (male) of vancomycin (370 mg/kg, Hospira, Lake Forest, IL) daily
456  |IP for seven days. The vancomycin dosage was allometrically scaled based on a total
457  human daily dose of 30 mg/kg (35). On the fifth day of antibiotic treatment, mice were
458 gavaged (20 G x 30 mm straight animal feeding needle, Pet Surgical, Phoenix, AZ) with
459 50 pL of P. aeruginosa prepared as follows: after overnight culture in LB, bacteria were
460 diluted, regrown to exponential phase in LB and resuspended to the desired dose in
461 PBS. When specified, mock IP injections or mock orogastric gavage was performed
462 using PBS (same volumes as the treatment groups). Starting the day after the

463  orogastric gavage, cages were changed daily to limit the impact of coprophagy.

464 To determine bacterial Gl carriage, mice were individually placed in boxes to

465 induce defecation, and feces were collected, weighed, homogenized in 1 mL of PBS
466  using a bead blaster (Benchmark Scientific, Sayreville, NJ), and centrifuged for 30 sec
467 at 1,100 x g. The supernatant was serially diluted and plated on either LB agar

468  supplemented with irgasan or VBM agar for CFU enumeration.

469 Mice were housed in the containment ward of the Center for Comparative

470 Medicine at Northwestern University. All experiments were approved by the

471  Northwestern University Institutional Animal Care and Use Committee in compliance
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472  with all relevant ethical regulations for animal testing and research. Experiments used

473 female mice unless otherwise stated.
474

475  Murine Gl carriage of PABL012,,0

476 Six- to eight-week-old female mice received IP injection of vancomycin (200 uL,
477 370 mg/kg) for 5 to 7 days, with each experimental group receiving their last injection 24
478  h prior to dissection. An aliquot of 50 pL of the PABLO12,, library was grown overnight
479 in5mL of LB (37°C, 250 rpm) and subcultured (1:40) in 30 mL of LB for 3 h. The

480 bacterial inoculum was prepared as described above, and orogastric gavage was

481 performed on the 5" day of vancomycin treatment, using 10%' CFU of PABLO12,001.

482  Following bacterial inoculation, mice were housed individually. At 24, 48, and 72 hours
483  post-gavage, mice were euthanized, and the stomach, small intestine, caecum, colon
484  and feces were collected. The stomach, small intestine and caecum were processed
485 along with their luminal contents. The colon was emptied, and the colonic contents were
486 added to excreted feces (when available) to constitute the “feces” samples. All samples
487  were weighed, homogenized in 1 mL of PBS using a bead blaster, centrifuged for 30
488 sec at 1,100 x g, and the supernatant was serially diluted and plated on VBM agar for
489  CFU enumeration. For the estimated founding population sizes (Ns), 250 L of the

490 organ samples, as well as 250 uL of the inoculum (26 technical replicates) were spread
491  on 150-mm-diameter VBM plates. Plates used for CFU and Ng determination were

492  grown overnight at 37°C and the colonies were counted. CFU counts and Ng values in

493  figure 5 represent those determined in 250 L (1/4 of the homogenized tissue volume).
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781 Figure Legends

782

783  Figure 1: Murine model of P. aeruginosa Gl carriage. (A) PABL048 fecal burden after
784  an orogastric gavage with 10°® CFU. Male (square) or female (circle) mice received
785 either PBS (gray symbols) or vancomycin (colored symbols) injections, and an
786  orogastric gavage with 10°° CFU of PABL048. The experiment was performed twice for
787 vancomycin treated mice (combined results are shown; n = 8), and once for PBS
788 treated mice (n = 5). Each symbol represents one mouse. Solid horizontal lines indicate
789 medians. No significant differences in fecal CFU were found at any time point between
790 male and female mice (multiple t-tests). (B) Timeline schematic of the model. Mice were
791 intraperitoneally injected daily with vancomycin for 7 days at a dose of 370 mg/kg. On
792 the fifth day of vancomycin treatment (day 0), mice received a defined dose of P.
793  aeruginosa through orogastric gavage. On selected days, feces were collected to
794 assess the extent of Gl carriage, estimated by CFU counts. (C) Fecal burden of six
795 clinical isolates of P. aeruginosa during Gl carriage. Vancomycin and bacterial delivery
796  (inoculum sizes: 10?2 CFU PABL004, 10>°*%3 CFU PABL006, 10°"%2 CFU
797 PABL012, 10°*"%' CFU PABL048, 105%" PABL049 or 10°"%" CFU PABL054) were
798 performed as in B. Box plots are shown with boxes extending from the 25" to 75™
799 percentiles, whiskers representing minimum and maximum values and lines indicating
800 medians. Experiments were performed at least twice, and combined results are shown
801 (n = 10). *p < 0.05, *p =< 0.01 (t-tests with Holm-Sidak correction for multiple
802 comparisons). The dotted line indicates the limit of detection.

803

804 Figure 2: Tissue histology of the Gl tracts of mice with carriage of P. aeruginosa.
805 Hematoxylin-eosin staining of organ tissues collected at day 3 post-inoculation with
806 either 10"" CFU of PABL048 or PBS (Mock). Prior to the orogastric gavage, mice
807 received either vancomycin or PBS through intraperitoneal injections. Images in the
808 bottom 4 rows were captured at a 400x magnification (bar = 100 ym). Images on the top
809 row were captured at a 1,000x magnification (bar = 200 um). (n = 3-4 mice/group).
810 Arrows indicate intraluminal clumps of bacterial bacilli.

811
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812 Figure 3: Dissemination of P. aeruginosa from the Gl tract. P. aeruginosa burden in
813 organs of mice carrying PABL048. Mice were sacrificed at (A) day 3 (n = 10), (B) day 7
814 (n = 10) or (C) day 14 (n = 9) post-orogastric gavage with 10"4*"°2 CFU of PABL048,
815 and bacterial CFU in the organs were enumerated by plating. The experiment was
816 performed twice; combined results are shown. Each symbol represents one mouse.
817 Solid horizontal lines indicate medians. The vertical dashed lines separate Gl tract
818 organs (left) from other organs (right). Symbols representing mice with dissemination
819 from the Gl tract are colored (one color/mouse). The horizontal dotted line indicates the
820 limit of detection.

821

822 Figure 4: Long-term carriage of P. aeruginosa in the Gl tract. PABL048 fecal
823 burdens after an orogastric gavage with 10°"*%3 CFU in male (purple squares) and
824 female (red circles) mice. The experiment was performed twice; combined results are
825 shown (n = 10). Each symbol represents one mouse. Solid horizontal lines indicate
826 medians. No significant differences were found between male and female mice at any
827 time point (multiple t-tests). The dotted line indicates the limit of detection.

828

829 Figure 5: Founding populations and bacterial loads of P. aeruginosa in the GI
830 tract. A total of 10°" CFU of PABLO12,,, were delivered to single-caged mice by
831 orogastric gavage. P. aeruginosa CFU in 250 pL of resuspensions of collected
832 homogenized tissues (one-fourth of tissue homogenates of stomach, small intestine [“s.
833 intestine”], caecum, colon, and feces) were enumerated by plating, and founding
834  population sizes (Ns) were estimated using the STAMPR approach. (A-C) Bacterial
835 loads (CFU, black circles) and estimated founding population sizes (Ns, pink circles)
836 were quantified at (A) 24 (n = 5), (B) 48 (n = 4) and (C) 72 hpi (n = 3, except for Ns in
837 stomach, which was n = 2 due to a sequencing issue). Each circle represents an organ
838 from one mouse. Solid horizontal lines indicate medians. Minor ticks on the right Y axis
839 represent the limits of detection for the CFU. Triangles represent samples with no
840 recovered CFU. (D) P. aeruginosa burdens and (E) estimated founding population sizes
841 in different tissues of the Gl tract at 24 (purple), 48 (blue) and 72 (green) hpi. For
842  comparison, fecal samples were collected at 24 hpi (“feces 24 hpi”) regardless of the
843 ending timepoint. An additional terminal fecal sample was available for animals
844  harvested at 48 or 72 hpi (“feces late”). Squares represent medians, and error bars
845 represent 95% confidence intervals. The dotted line indicates the limit of detection for
846  CFU. Ngvalues are not significantly different over time (t-test).

847

848 Figure 6: Average intra-mouse genetic relatedness of P. aeruginosa populations
849 in the GI tract. (A-C) Heatmaps representing the average intra-mouse genetic
850 distances (GDs) of P. aeruginosa from organs of the mice described in figure 5, at (A)
851 24, (B) 48, and (C) 72 hpi. Lower values of GD (purple) indicate a higher frequency of
852 barcode sharing between the samples, with O reflecting identical populations. (D) GD
853 values over time between: stomach and small intestine (“SI”) (green), small intestine
854 and caecum (teal), and caecum and colon (purple). Each symbol represents one
855 mouse. Lines indicate medians. (E-G) Heatmaps representing the average intra-mouse
856  Fractional Resilient Genetic Distances (FRD) of P. aeruginosa from organs of the mice
857 described in figure 5, at (E) 24, (F) 48 and (G) 72 hpi. The FRD is calculated using the
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In(RD4_p+1)
In(Number of barcodes in B+1)
859 shared barcodes that contribute to genetic similarity between samples A and B. The
860 column names in the FRD heatmaps correspond to the organ of reference (B in the
861 above formula). High FRD values (yellow) indicate that most bacterial barcodes are
862 shared between samples. Thick lines in panels B-C, F-G separate the samples
863 collected at the time of dissection (top/left) from samples of feces collected from the
864 same animals at an earlier time point (“feces 24h”) (bottom/right). Samples outlined by
865 blue and orange squares in panels A and E indicate pairs that are detailed in panel H.
866 (H) FRD values for bacteria from the stomach/small intestine (Sl) (blue) and small
867 intestine/caecum (orange) pairs at 24 hpi. Each symbol represents one mouse. Lines
868 indicate medians. p-values are indicated (two-tailed paired t test). The Venn diagrams
869 under the graph are visual representations of the averaged proportion of barcodes
870 shared between two adjacent organs (circles). Diagrams created using Biorender.com.
871 As observed in figure 5, no bacteria could be detected in the stomach of some mice,
872 leading to variation in the number of samples used for this analysis: A, E, H: n = 5
873  (except for the stomach; n = 4), B, F: n = 4 (except for the stomach; n=3),C, G:n=3
874  (except for the stomach; n = 1), D: see panels A-C.

875

876 Figure 7: Model of the population dynamics of P. aeruginosa following orogastric
877 gavage. Left: soon after the orogastric delivery of P. aeruginosa, most bacteria are
878 eliminated from the stomach, severely constricting the size of the remaining population
879 (less than 0.01% survival). Part of the population passes through the stomach to reach
880 other compartments of the GI tract: small intestine, caecum, colon, and feces. P.
881 aeruginosa does not encounter additional barriers downstream from the stomach. Right:
882 over the first 24 hours, population expansion and/or reflux from the small intestine
883 occurs in the stomach. The small intestine and the caecum support massive expansion
884  of the remaining P. aeruginosa clones, and bacteria freely migrate from the caecum to
885 the colon and feces. This figure was created using Biorender.com.

886

887

888

858 following formula: FRD,_p = where RDag is the number of
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889 Supplemental Figure Legends

890

891 Supplemental Figure 1: Gl carriage of P. aeruginosa obtained with various
892 regimens of vancomycin treatment. Mice received daily injections of vancomycin for
893 various times before and after orogastric gavage (“x + y days” with x = the number of
894  days of vancomycin injections prior to and on the day of orogastric gavage, and y = the
895 number of days of vancomycin in!)ections after the bacterial inoculation). Orogastric
896 gavage was performed with 10%%"%2 CFU of strain PABL048. Each symbol represents
897 one mouse.

898  Solid horizontal lines indicate medians. The experiment was performed twice (combined
899 results shown; n = 10)). The dotted line indicates the limit of detection. *p < 0.05, **p <
900 0.01 (t-tests). Significant differences were not detected for any of the time points
901 between mice treated with 5 + 2 days and 3+ 2 days of vancomycin.

902

903 Supplemental Figure 2: Fecal burden of strain PABL048 at day 3 post-inoculation.
904 Mice were treated with either PBS (pink) or vancomycin (black and teal) for 7 days. On
905 the fifth day of treatment, mice received either PBS (black) or 10”' CFU of PABL048
906 through orogastric gavage (pink and teal). The experiment was performed once (n=3-4
907 animals/group). Each symbol represents one mouse. Lines indicate medians. The
908 dotted line indicates the limit of detection.

909

910 Supplemental Figure 3: Recovery of P. aeruginosa from the Gl tract at early times
911 following inoculation. P. aeruginosa burden in Gl tissues of mice gavaged with
912 PABLO012. Mice were sacrificed at (A) 1 h (n = 5) or (B) 6 h (n = 5) post-orogastric
913  gavage with 10%' CFU of PABL012, and bacterial CFU in the organs were enumerated
914 by plating. Experiment performed once. Red circles represent the inoculums. Each
915 black circle represents one mouse. Solid horizontal lines indicate medians. The
916 horizontal dotted line indicates the limit of detection. Open circles represent tissues with
917 CFU bellow the limit of detection.

918

919 Supplemental Figure 4: Ratio of bacterial recovery vs. founding population in GI
920 sites. Tissues were harvested at 24 (purple, n = 5), 48 (blue, n = 4) or 72 hours (green,
921 n = 3) after orogastric gavage with PABL012,,,. Fecal samples were collected at 24 hpi
922 (“feces 24 hpi”) regardless of the ending timepoint. Additional terminal fecal sample
923 timepoints were available for animals that had organs harvested at 48 or 72 hpi (“feces
924 late”). CFU/Ns ratios were calculated. Squares represent medians, and error bars
925 represent the 95% confidence intervals.

926

927 Supplemental Figure 5: Barcode frequency distributions of P. aeruginosa bacteria
928 recovered from mice following orogastric inoculation. The frequencies of unique
929 barcodes in each bacterial population from different sites are shown. (A) Inoculum
930 samples. Barcode frequency was analyzed in the 26 bacterial aliquots that were each
931 used to inoculate a different mouse in the STAMP experiment. Six representative
932 frequency distributions are shown. (B-D) Barcode frequency distributions after noise
933 removal for the output samples from mice sacrificed at (B) 24, (C) 48 or (D) 72 hours
934 post-orogastric gavage. Each dot represents the frequency at which one specific
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935 barcode was detected. For each mouse (“M#”), dots representing the most frequent
936 clones identified in the stomach are colored blue in all organs, and dots representing the
937 most frequent clones identified in the small intestine are colored red.

938
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Figure 1: Murine model of P. aeruginosa Gl carriage. (A) PABL048 fecal burden after
an orogastric gavage with 10%8 CFU. Male (square) or female (circle) mice received
either PBS (gray symbols) or vancomycin (colored symbols) injections, and an
orogastric gavage with 1056 CFU of PABL048. The experiment was performed twice for
vancomycin treated mice (combined results are shown; n = 8), and once for PBS
treated mice (n = 5). Each symbol represents one mouse. Solid horizontal lines indicate
medians. No significant differences in fecal CFU were found at any time point between
male and female mice (multiple t-tests). (B) Timeline schematic of the model. Mice were
intraperitoneally injected daily with vancomycin for 7 days at a dose of 370 mg/kg. On
the fifth day of vancomycin treatment (day 0), mice received a defined dose of P.
aeruginosa through orogastric gavage. On selected days, feces were collected to
assess the extent of Gl carriage, estimated by CFU counts. (C) Fecal burden of six
clinical isolates of P. aeruginosa during Gl carriage. Vancomycin and bacterial delivery
(inoculum sizes: 10402 CFU PABL004, 10%6*-0-3 CFU PABL006, 106+-02 CFU
PABL012, 10%4*01 CFU PABL048, 10%*-0-1 PABL049 or 10801 CFU PABL054) were
performed as in B. Box plots are shown with boxes extending from the 25t to 75%
percentiles, whiskers representing minimum and maximum values and lines indicating
medians. Experiments were performed at least twice, and combined results are shown
(n=210). *p =0.05, **p < 0.01 (t-tests with Holm-Sidak correction for multiple
comparisons). The dotted line indicates the limit of detection.
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Figure 2: Tissue histology of the Gl tracts of mice with carriage of P. aeruginosa.
Hematoxylin-eosin staining of organ tissues collected at day 3 post-inoculation with
either 107" CFU of PABL048 or PBS (Mock). Prior to the orogastric gavage, mice
received either vancomycin or PBS through intraperitoneal injections. Images in the
bottom 4 rows were captured at a 400x magnification (bar = 100 um). Images on the top
row were captured at a 1,000x magnification (bar = 200 um). (n = 3-4 mice/group).
Arrows indicate intraluminal clumps of bacterial bacilli.
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Figure 3: Dissemination of P. aeruginosa from the Gl tract. P. aeruginosa burden in
organs of mice carrying PABL048. Mice were sacrificed at (A) day 3 (n = 10), (B) day 7
(n =10) or (C) day 14 (n = 9) post-orogastric gavage with 1074*-92 CFU of PABL048,
and bacterial CFU in the organs were enumerated by plating. The experiment was
performed twice; combined results are shown. Each symbol represents one mouse.
Solid horizontal lines indicate medians. The vertical dashed lines separate Gl tract
organs (left) from other organs (right). Symbols representing mice with dissemination
from the Gl tract are colored (one color/mouse). The horizontal dotted line indicates the
limit of detection.
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Figure 4: Long-term carriage of P. aeruginosa in the Gl tract. PABL048 fecal
burdens after an orogastric gavage with 1057*-93 CFU in male (purple squares) and
female (red circles) mice. The experiment was performed twice; combined results are
shown (n = 10). Each symbol represents one mouse. Solid horizontal lines indicate
medians. No significant differences were found between male and female mice at any
time point (multiple t-tests). The dotted line indicates the limit of detection.
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Figure 5: Founding populations and bacterial loads of P. aeruginosa in the Gl
tract. A total of 108" CFU of PABLO012p00 Were delivered to single-caged mice by
orogastric gavage. P. aeruginosa CFU in 250 yL of resuspensions of collected
homogenized tissues (one-fourth of tissue homogenates of stomach, small intestine [“s.
intestine”], caecum, colon, and feces) were enumerated by plating, and founding
population sizes (Ns) were estimated using the STAMPR approach. (A-C) Bacterial
loads (CFU, black circles) and estimated founding population sizes (Ns, pink circles)
were quantified at (A) 24 (n=15), (B) 48 (n =4) and (C) 72 hpi (n = 3, except for Ns in
stomach, which was n = 2 due to a sequencing issue). Each circle represents an organ
from one mouse. Solid horizontal lines indicate medians. Minor ticks on the right Y axis
represent the limits of detection for the CFU. Triangles represent samples with no
recovered CFU. (D) P. aeruginosa burdens and (E) estimated founding population sizes
in different tissues of the Gl tract at 24 (purple), 48 (blue) and 72 (green) hpi. For
comparison, fecal samples were collected at 24 hpi (“feces 24 hpi”) regardless of the
ending timepoint. An additional terminal fecal sample was available for animals
harvested at 48 or 72 hpi (“feces late”). Squares represent medians, and error bars
represent 95% confidence intervals. The dotted line indicates the limit of detection for
CFU. Ns values are not significantly different over time (t-test).
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Figure 6: Average intra-mouse genetic relatedness of P. aeruginosa populations
in the Gl tract. (A-C) Heatmaps representing the average intra-mouse genetic
distances (GDs) of P. aeruginosa from organs of the mice described in figure 5, at (A)
24, (B) 48, and (C) 72 hpi. Lower values of GD (purple) indicate a higher frequency of
barcode sharing between the samples, with O reflecting identical populations. (D) GD
values over time between: stomach and small intestine (“SI”) (green), small intestine
and caecum (teal), and caecum and colon (purple). Each symbol represents one
mouse. Lines indicate medians. (E-G) Heatmaps representing the average intra-mouse
Fractional Resilient Genetic Distances (FRD) of P. aeruginosa from organs of the mice
described in figure 5, at (E) 24, (F) 48 and (G) 72 hpi. The FRD is calculated using the

. In(RD4-_p+1 .
following formula: FRD,_p = n(RDa-5+1) . where RDasg is the number of
In(Number of barcodes in B+1)

shared barcodes that contribute to genetic similarity between samples A and B. The
column names in the FRD heatmaps correspond to the organ of reference (B in the
above formula). High FRD values (yellow) indicate that most bacterial barcodes are
shared between samples. Thick lines in panels B-C, F-G separate the samples
collected at the time of dissection (top/left) from samples of feces collected from the
same animals at an earlier time point (“feces 24h”) (bottom/right). Samples outlined by
blue and orange squares in panels A and E indicate pairs that are detailed in panel H.
(H) FRD values for bacteria from the stomach/small intestine (Sl) (blue) and small
intestine/caecum (orange) pairs at 24 hpi. Each symbol represents one mouse. Lines
indicate medians. p-values are indicated (two-tailed paired t test). The Venn diagrams
under the graph are visual representations of the averaged proportion of barcodes
shared between two adjacent organs (circles). Diagrams created using Biorender.com.
As observed in figure 5, no bacteria could be detected in the stomach of some mice,
leading to variation in the number of samples used for this analysis: A, E, H:n=5
(except for the stomach; n = 4), B, F: n = 4 (except for the stomach; n=3),C,G:n=3
(except for the stomach; n = 1), D: see panels A-C.
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Figure 7: Model of the population dynamics of P. aeruginosa following orogastric
gavage. Left: soon after the orogastric delivery of P. aeruginosa, most bacteria are
eliminated from the stomach, severely constricting the size of the remaining population
(less than 0.01% survival). Part of the population passes through the stomach to reach
other compartments of the Gl tract: small intestine, caecum, colon, and feces. P.
aeruginosa does not encounter additional barriers downstream from the stomach. Right:
over the first 24 hours, population expansion and/or reflux from the small intestine
occurs in the stomach. The small intestine and the caecum support massive expansion
of the remaining P. aeruginosa clones, and bacteria freely migrate from the caecum to
the colon and feces. This figure was created using Biorender.com.
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Supplemental Figure 1: Gl carriage of P. aeruginosa obtained with various
regimens of vancomycin treatment. Mice received daily injections of vancomycin for
various times before and after orogastric gavage (“x + y days” with x = the number of
days of vancomycin injections prior to and on the day of orogastric gavage, and y = the
number of days of vancomycin injections after the bacterial inoculation). Orogastric
gavage was performed with 1058+-02 CFU of strain PABL048. Each symbol represents
one mouse. Solid horizontal lines indicate medians. The experiment was performed
twice (combined results shown; n = 10)). The dotted line indicates the limit of detection.
*p < 0.05, **p < 0.01 (t-tests). Significant differences were not detected for any of the
time points between mice treated with 5 + 2 days and 3+ 2 days of vancomycin.
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Supplemental Figure 2: Fecal burden of strain PABL048 at day 3 post-inoculation.
Mice were treated with either PBS (pink) or vancomycin (black and teal) for 7 days. On
the fifth day of treatment, mice received either PBS (black) or 107-' CFU of PABL048
through orogastric gavage (pink and teal). The experiment was performed once (n=3-4
animals/group). Each symbol represents one mouse. Lines indicate medians. The
dotted line indicates the limit of detection.
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Supplemental Figure 3: Recovery of P. aeruginosa from the Gl tract at early times
following inoculation. P. aeruginosa burden in Gl tissues of mice gavaged with
PABLO12. Mice were sacrificed at (A) 1 h (n =5) or (B) 6 h (n = 5) post-orogastric
gavage with 1081 CFU of PABL012, and bacterial CFU in the organs were enumerated
by plating. Experiment performed twice with similar results but different limits of
detection; figure shows one repeat. Red circles represent the inoculums. Each black
circle represents one mouse. Solid horizontal lines indicate medians. The horizontal
dotted line indicates the limit of detection. Open circles represent tissues with CFU
bellow the limit of detection.
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Supplemental Figure 4: Ratio of bacterial recovery vs. founding population in GI
sites. Tissues were harvested at 24 (purple, n = 5), 48 (blue, n = 4) or 72 hours (green,
n = 3) after orogastric gavage with PABL012,001. Fecal samples were collected at 24 hpi
(“feces 24 hpi”) regardless of the ending timepoint. Additional terminal fecal sample
timepoints were available for animals that had organs harvested at 48 or 72 hpi (“feces
late”). CFU/Ns ratios were calculated. Squares represent medians, and error bars
represent the 95% confidence intervals.
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Supplemental Figure 5: Barcode frequency distributions of P. aeruginosa bacteria
recovered from mice following orogastric inoculation. The frequencies of unique
barcodes in each bacterial population from different sites are shown. (A) Inoculum
samples. Barcode frequency was analyzed in the 26 bacterial aliquots that were each
used to inoculate a different mouse in the STAMP experiment. Six representative
frequency distributions are shown. (B-D) Barcode frequency distributions after noise
removal for the output samples from mice sacrificed at (B) 24, (C) 48 or (D) 72 hours
post-orogastric gavage. Each dot represents the frequency at which one specific
barcode was detected. For each mouse (“M#”), dots representing the most frequent
clones identified in the stomach are colored blue in all organs, and dots representing the
most frequent clones identified in the small intestine are colored red.
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