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ABSTRACT

Vibrio cholerae O1 causes the diarrheal disease cholera, and the small intestine is the site of
active infection. During cholera, cholera toxin is secreted from V. cholerae and induces a
massive fluid influx into the small intestine, which causes vomiting and diarrhea. Typically, V.
cholerae genomes are sequenced from bacteria passed in stool, but rarely from vomit, a fluid
that may more closely represents the site of active infection. We hypothesized that the V.
cholerae O1 population bottlenecks along the gastrointestinal tract would result in reduced
genetic variation in stool compared to vomit. To test this, we sequenced V. cholerae genomes
from ten cholera patients with paired vomit and stool samples. Genetic diversity was low in both
vomit and stool, consistent with a single infecting population rather than co-infection with
divergent V. cholerae O1 lineages. The number of single nucleotide variants decreased
between vomit and stool in four patients, increased in two, and remained unchanged in four.
The number of genes encoded in the V. cholerae genome decreased between vomit and stool
in eight patients and increased in two. Pangenome analysis of assembled short-read
sequencing demonstrated that the toxin-coregulated pilus operon more frequently contained
deletions in genomes from vomit compared to stool. However, these deletions were not
detected by PCR or long-read sequencing, indicating that interpreting gene presence or
absence patterns from short-read data alone may be incomplete. Overall, we found that V.
cholerae O1 isolated from stool is genetically similar to V. cholerae recovered from the upper

intestinal tract.
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IMPORTANCE

Vibrio cholerae O1, the bacterium that causes cholera, is ingested in contaminated food or
water and then colonizes the upper small intestine and is excreted in stool. Shed V. cholerae
genomes are usually studied, but V. cholerae isolated from vomit may be more representative
of where V. cholerae colonizes in the upper intestinal epithelium. V. cholerae may experience
bottlenecks, or large reductions in bacterial population sizes or genetic diversity, as it passes
through the gut. Passage through the gut may select for distinct V. cholerae mutants that are
adapted for survival and gut colonization. We did not find strong evidence for such adaptive
mutations, and instead observed that passage through the gut results in modest reductions in
V. cholerae genetic diversity, and only in some patients. These results fill a gap in our

understanding of the V. cholerae life cycle, transmission, and evolution.

KEYWORDS: cholera, whole-genome sequencing, comparative genomics, single nucleotide

variants, Vibrio cholerae, vomit, stool, population bottleneck, nanopore sequencing
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INTRODUCTION

Vibrio cholerae O1 causes the diarrheal disease cholera, and recent outbreaks are increasing
in size and duration’. In this context, genomic studies are increasingly conducted to gain an
understanding of molecular epidemiology and evolving antimicrobial resistance. Although V.
cholerae is a small intestinal pathogen, human clinical V. cholerae O1 genomes are generated
from stool isolates. Gastric acidity kills many ingested V. cholerae; however, the proportion
that survive can then move into the small bowel?. Here, V. cholerae can replicate, and the
highly motile organisms that locate to small bowel intestinal crypts penetrate the mucin layer
overlying the small bowel epithelium and form microcolonies through the action of colonization
factors including the Toxin co-regulated pilus (TCP)®. V. cholerae also secrete cholera toxin
(CT) that binds to intestinal epithelial cells and stimulates secretion of chloride, causing
sodium and water to pass into the intestinal lumen, resulting in diarrhea, vomiting, and
dehydration that may be severe. The massive fluid influx into the small intestine can overflow
into the stomach and can result in vomiting; the majority of cholera patients experience
vomiting during the course of illness” . This is in contrast with other disease processes in
which gastric contents alone are vomited. Studies of cholera vomit demonstrate high V.

cholerae cell counts, and the vomit pH levels approximate the small intestinal environment®®.

V. cholerae O1 genomes generated from stool isolates reflect the V. cholerae population shed
via the large intestine, but V. cholerae isolated from vomit may be more representative of the
small intestinal V. cholerae population that is mediating infection. The genetic diversity of V.
cholerae O1 could vary along the gastrointestinal (Gl) tract for several reasons. First, genetic
diversity could be reduced through population bottlenecks when a large infecting population is
reduced to a smaller number of survivors due to bile and low gastric pH. In animal models,
there is an estimated 40-fold reduction in the V. cholerae population from the oral inoculum

compared to the site of small intestinal colonization’. Second, directional natural selection

V. cholerae genetic diversity in vomit and stool
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82  might favor distinct strains from a mixed inoculum. Third, de novo mutations, gene transfer
83  events, or gene losses might occur within a patient, some of which might confer adaptation to
84  different niches along the Gl tract.
85
86 Based on sequencing of V. cholerae O1 isolate genomes® and metagenomes®'® from stool,
87  we have previously found that co-infections by distinct strains of V. cholerae O1 in humans
88 appear to be rare in the excreted population, but these could be more common in the
89  inoculum, especially in hyperendemic areas. Similarly, the V. cholerae O1 population in stool
90 from single individuals contains only minor point mutations and dozens of gene content
91 variants. The level of genetic diversity of V. cholerae O1 in the upper Gl tract during infection
92  is not known.
93
94  To determine the genetic diversity of V. cholerae during transit through infected patients, we
95 sequenced V. cholerae O1 genomes from paired vomit and stool samples from ten cholera
96 patients in Dhaka, Bangladesh, a region hyperendemic for cholera (Figure 1). We compared
97 the single nucleotide variants (SNVs) in these 200 genomes and examined variation in gene
98 presence and absence. We show a modest decrease in V. cholerae SNVs and gene content
99  variation between vomit and stool, suggesting that passage through the gut does not

100 dramatically reduce genetic diversity or strain variation. We also provide evidence supporting

101  the use of long-read sequencing technologies in accurately determining gene content variation.
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102 METHODS

103  Sample collection and Vibrio cholerae isolation

104  To examine within-host V. cholerae diversity, stool and vomit samples were collected between
105  April 2018 and August 2019 in Dhaka City, Bangladesh from patients aged 2-60 years with
106  severe acute diarrhea and a stool culture positive for V. cholerae O1 who had no major

107  comorbid conditions, as in prior studies®®. All samples were collected at the International

108 Centre for Diarrhoeal Disease Research, in Dhaka Bangladesh (icddr,b) following the

109 informed consent process. A maximum of 50 mL of vomit and stool were collected

110  immediately upon admission concurrent with clinical interventions, including rehydration and
111 administration of antibiotics. Samples were immediately frozen at —80 °C.

112

113  Vomit and diarrheal stool from Bangladesh were stored at the University of Washington at =80
114  °C and inoculated directly into alkaline peptone water and streaked onto thiosulfate-citrate-bile
115  salts-sucrose agar, a medium selective for V. cholerae, or Luria-Bertani (LB) agar and tryptic
116  soy agar containing 5% sheep’s blood. Methods used to isolate V. cholerae from these vomit
117  and stool samples have been previously described®. After incubation at 37 °C for 24 hours,
118  suspect V. cholerae colonies were selected and confirmed for the presence of ctxA and V.
119  cholerae O1 rfb gene by PCR'" to confirm identification. Twenty individual confirmed V.

120 cholerae O1 colonies from each patient (10 from vomit and 10 from stool) were inoculated into
121 LB broth and grown at 37 °C while shaking aerobically overnight. For each colony, 1 mL of
122  broth culture was stored at —80 °C with 20% glycerol until DNA was extracted.

123

124  As a control for sequencing errors and mutations that could occur within culture rather than
125  within patients, we selected one isolate from one cholera patient vomit sample. The glycerol

126  stock of this isolate was streaked onto LB agar and ten colonies were picked for whole
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127  genome sequencing. These colonies were used in subsequent analyses as control colonies

128  (Figure 1).

10 Patients
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}
[ MI-1236

129

130 Figure 1. Sampling and sequencing V. cholerae O1 isolates from patient vomit and stool. Ten
131 patients were recruited for this study. For each patient, vomit and stool samples were plated to isolate
132  colonies. From each vomit and stool sample, 10 colonies were used for whole genome sequencing in
133 addition to 10 control colonies to evaluate for sequencing errors. Reads were processed independently
134  for SNV calling and pangenome analysis (gene presence/absence) after assembly and annotations,

135 with control colonies used to set filtering thresholds.

136
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137  DNA extraction and sequencing

138  Bacterial glycerol stocks were streaked on LB agar and incubated at 30 °C for 24 hours, and a
139  single colony was picked and grown in 4 mL LB broth with agitation at 37 °C for 18 hours.

140  Genomic DNA was extracted from each of the 200 isolates and 10 control colonies using the
141  Qiagen DNeasy Blood and Tissue kit with RNAse treatment according to manufacturer's

142  instructions. DNA was then eluted in molecular grade DNase/RNase-free water. Sequencing
143 libraries were prepared with the Lucigen NxSeq AmpFREE kit, pooled and sequenced at the
144  McGill Genome Centre on one lane of lllumina NovaSeq6000 Sprime v1.5 with paired-end 150
145  bpreads.

146

147  Sequence alignments and SNV analysis

148  Either the V. cholerae O1 strain MJ-1236"2 or a de novo assembly of the genome from the
149  deeply sequenced colony control was used as a reference genome for analysis. To build a
150  phylogeny, reads were processed using Snippy v4.6.0 with default parameters'® and the

151 ‘snippy-core’ command was used to generate a core SNV alignment. IQ-Tree v2.2.2.7 was used
152  to infer a maximum likelihood phylogenetic tree from this alignment'*. The TPM3u+F+| model

t'% and rooted on the

153  was chosen by ModelFinder with bootstrap values determined by UFBoo
154  reference strain for display using iToL'®. Demultiplexed paired end reads were aligned to the
155 reference genome using the Burrows-Wheeler aligner v0.7.17 with the Maximal Exact Match
156  algorithm'. The alignment files were transformed using samtools v1.17'® to generate a pileup
157 file. The variant calls were made using VarScan2 v2.4.3". Samples were excluded from SNV
158 analyses if their breadth of coverage was two standard deviations or more below the median.
159  SNVs within each patient were extracted using bcftools v1.13 with the command ‘beftools isec -
160  n-[#samples]’. Only SNVs at >90% frequency and read depth >25 were included. These

161  thresholds were established because they resulted in zero SNVs among the control colony

162  genomes. The final list was manually inspected using integrated genome viewer v2.16.0% to
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163 remove any false positives resulting from poor mapping or instances in which one colony per
164  group failed to be accurately called and appeared as intra-sample variation. In samples with
165 less than ten colonies remaining after quality filtering, the number of SNVs was normalized to
166  the number of SNVs per ten colonies (e.g. 1/9 becomes 1.1/10).

167

168  Genome assembly and pangenome analysis

169 Isolated genomes were assembled using Unicycler v0.4.9%" in lllumina-only mode. The

170  resulting assemblies were quality controlled using checkM?? to estimate genome

171 completeness. Four genomes with a completeness score < 100 (isolates BSC08, GSCO06,
172 HVCO04 and JSC11) were removed from the pangenome analysis. Gene annotations were
173  performed using Prokka v1.14.5%® with the reference MJ-1236 proteome as an additional
174  database using the ‘--proteins’ additional argument to maintain consistent annotations and
175 names. Pangenome determination was performed using Panaroo v1.2.8%* using ‘--clean-mode
176  sensitive’ to retain the most genes found. We used the Cochran—Mantel-Haenszel test to
177  measure systematic associations between gene presence/absence in vomit and stool, with
178 each patient treated as an observation and the frequency of each gene’s presence in the
179  vomit and stool derived from the panaroo-generated pangenome table. To identify

180 associations at the level of operons, we used the same implementation of the Cochran—

181 Mantel-Haenszel test and counted observations at the level of operons rather than genes.
182

183 Long-read resequencing

184  Following analysis using short-read data described above, eight colonies with inferred gene
185 content differences within the tcp operon were selected for long-read resequencing using a
186  MinlON from Oxford Nanopore Technologies. DNA was re-extracted as above and prepared
187  for sequencing using the Rapid Barcoding Kit (SQK-RBK004) according to manufacturer's

188 instructions to generate sequencing libraries. The libraries were sequenced on a R9.4.1

V. cholerae genetic diversity in vomit and stool 9


https://doi.org/10.1101/2024.02.08.579476
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.08.579476; this version posted February 8, 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 4.0 International license.

189  MinlION flow cell. Raw sequencing data was basecalled and demultiplexed to FASTQ files
190  using guppy v6.3.2 (Oxford Nanopore Technologies) using the model

191  dna_r9.4.1_450bps_sup. Reads were assembled using Flye v2.9.1%

and a pangenome

192  analysis performed as described above. The results for the tcp operon were manually

193 inspected and compared to the short-read data.

194

195  PCR analysis

196  Colony PCR was performed on V. cholerae O1 DNA extracted by boiling V. cholerae O1
197  isolates in molecular grade water at 95 °C for 10 minutes. Taq 2X Master Mix (New England
198 Biolabs) was used for the reaction and PCR primers are listed in Supplementary Table 1.
199 PCR products were run on 1.0% agarose gels along an 1kb ladder. Reference V. cholerae O1
200 strains were used to evaluate the tcp operon including PIC018, a clinical strain of V. cholerae
201 Of1 also isolated in Bangladesh?® known to have an intact TCP, and a tcpA knockout mutant
202  strain of a V. cholerae O1 clinical strain isolated in Haiti’ gifted by Brandon Sit and Matthew
203  Waldor.

204

205  Ethics Statement

206  The Ethical and Research Review Committees of the icddr,b and the Institutional Review
207  Boards of Massachusetts General Hospital and the University of Washington approved the
208  study. All adult subjects provided written informed consent and parents/guardians of children
209  provided written informed consent.

210

211
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RESULTS

From each of the ten cholera patients, we isolated ten V. cholerae colonies from vomit and ten
from stool. All isolates were V. cholerae serogroup O1 and serotype Ogawa, ascertained
using slide agglutination testing using polyvalent and specific antisera, as in prior studies?®®.
Isolates underwent whole genome sequencing for identification of SNVs and gene content
variation (Figure 1). We performed a phylogenetic analysis to examine relatedness of the
isolates and found clustering by patient independent of sample type (Figure 2A). The ten
control colonies grouped together, separated by very short branch lengths, indicating high-
quality sequencing and low false-positive SNV identification (Figure 2A). We observed a
temporal signal in the phylogeny, with genomes isolated in 2018 and 2019 separated by a
long branch with strong bootstrap support of 100. Several patients clustered together by time
(e.g. A, B,C,Dand G, H, |, J), which may suggest common exposures (Figure 2A). Instances
in which more than one patient’s isolates grouped together on the tree (e.g. patients E and F)
were generally not well supported by bootstraps, making it difficult to reject a model with a

single colonization event per patient.
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229  Figure 2. V. cholerae 01 within-patient diversity is modestly reduced in stool compared to vomit.

230  A) Maximum-likelihood phylogeny of 200 isolates sequenced, demonstrating that isolates cluster by
231  patient and collection date. Ten control colony isolates are also shown. The tree is rooted on the MJ-
232 1236 V. cholerae O1 reference genome (branching at the base of patient C). Samples are colored per
233  patient. Collection dates are indicated below patient identifiers. Bootstrap values > 75 are displayed. B)
234  Intra-patient variation based on SNVs called against the MJ-1236 reference genome across paired
235  vomit and stool V. cholerae genomes, demonstrating a decrease in SNVs in 4 patients, an increase in 3
236  patients, and no change in 3 patients. The number of SNVs is normalized per 10 colonies, to account
237  for some samples only containing 9 sequenced colonies. C) Comparison of within-patient V. cholerae
238 gene content in vomit and stool from 10 patients, showing a decrease in 8 patients and an increase in 2
239 patients. Only 'accessory' genes that vary in their presence/absence in our dataset are counted here;

240  ‘'core' genes common to all genomes are not included.

241

242  We next focused on genetic variation using an SNV analysis. Most samples yielded high

243  breadth of coverage (median of 95% to the reference genome) and seven samples with low
244  coverage were excluded (Supplementary Figure S1). Because we used multiple media types
245 toisolate V. cholerae O1, we tested if the media type was associated with an increase or

246  decrease in intra-sample variation, and found no differences (Supplementary Table S2). In
247  comparing vomit and stool within one patient, our findings supported low within-patient

248  diversity. SNVs were always found in a small fraction of colonies from each patient sample (15
249  SNVs present in 1/10 colonies, 4 SNVs present in 2/10 colonies), and therefore we focused
250  on the number of SNVs per vomit or stool sample rather than their frequencies. If significant
251 bottlenecks occur as V. cholerae O1 passed through the gut, we would then expect less

252  genetic variation in stool compared to vomit. Among the seven patients with detectable SNVs,
253  four had fewer SNVs in stool compared to vomit, and three had more (full list of SNVs in

254  Supplementary Table S3). Three out of ten patients had no detectable SNVs between vomit

V. cholerae genetic diversity in vomit and stool 12
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255 and stool isolates (Figure 2B). Although the number of SNVs decreased from vomit to stool
256  more often than increased, this difference was not significant (one-sided binomial test, p =
257  0.34). To account for elements of the genome present only in our isolates and not in the MJ-
258 1236 V. cholerae O1 reference strain, we repeated an identical analysis using a de novo

259 genome assembly using a colony control, which yielded one additional SNV and otherwise
260 identical results (Supplementary Figure S2, Supplementary Table S4). Thus, we

261  determined that our SNV calling was robust to the choice of reference genome.

262

263 In addition to reducing the diversity of point mutations (i.e. SNVs) in a population, bottlenecks
264  would also be expected to reduce pangenome variation. To test this hypothesis, we compared
265 V. cholerae gene content variation (e.g., presence or absence) in vomit and stool from the
266  same patient. Based on genomes with high estimated completeness (see Methods), we found
267  alarger total gene content in vomit compared to stool in eight patients, and smaller in two
268 patients (Figure 2C; one-sided binomial test, p = 0.055). As previously observed®, V. cholerae
269  O1 gene content is more variable than SNVs within patients, potentially making it easier to
270  detect a change in variation from vomit to stool. Together with the reduction in the number of
271 SNVs from vomit to stool in more patients, these results are consistent with the hypothesis
272  that bottlenecks occur as V. cholerae O1 passes through the gut, but that bottlenecks are not
273  evident in all patients and may produce only modest reductions in genetic variation.

274

275 We conducted additional analyses to examine the possibility that vomit and stool isolates may
276  experience different selective pressures that select for different genes in the V. cholerae O1
277  population. To identify genes potentially involved in niche adaptation, we tested for genes that
278  varied within patients and were systematically associated with either vomit or stool across

279  patients. We did not find any significant associations at the level of individual genes
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280  (Cochran—Mantel-Haenszel test, p > 0.05). Because our sample size was likely

281 underpowered to identify gene-specific associations, and the deletion of any member of an
282  operon was likely to disrupt the function of the entire operon, we grouped genes into

283 annotated operons and found that all genes in the tcp operon were observed more often in
284  stool than vomit (Cochran—Mantel-Haenszel test, p = 0.002). No other significant associations
285  were found. The tcp operon encodes the toxin-coregulated pilus, a key bundle forming pilus
286  factor that allows V. cholerae to colonize the small intestine?®*°. Genes essential for human
287  colonization could be stochastically lost from the V. cholerae O1 genome in the extra-human
288  environment, and we could expect these loss events would be less common in isolates from
289  stool than the vomit, because the small intestine is a strong selective filter for gut

290  colonization.

291

292  To confirm these putative gene loss events, we aligned the raw reads for a set of eight

293 isolates that varied in their presence or absence patterns of tcp genes to measure the breadth
294  and depth of coverage of these genes. Genes with substantially reduced breadth of coverage
295 were always called as absent from the pangenome, but the inverse was not always true

296 (Figure 3A-B). To further validate these apparent partial deletions, we performed a series of
297  PCRs targeting portions of the genes (primer locations indicated on Figure 3B). We were
298 unable to detect any deletion within the tcp operon by PCR (Figure 3C). To reconcile these
299  conflicting data, we performed long-read resequencing on these eight isolates using Oxford
300 Nanopore Technologies. Interestingly, all eight long-read resequenced isolates contained the
301  entire tcp operon, confirming the results of the PCR analysis (Supplementary Table S5).
302  While these genes often contained frameshift mutations (Supplementary Table S5), which
303 might lead to truncated genes, the frameshifts always occurred as part of or immediately

304  downstream of homopolymer sequences that are known to be error-prone in the long-read

305 sequencing®'.These frameshifts are therefore likely sequencing artifacts. These validation
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steps suggest caution in interpreting gene presence/absence patterns from short-read data
alone.
A
A QLKL LLSLLLF S . B
AVC08 ’
GVC10 08 FVC10 %,
DVC12 Q
HSC09 06 3 & AVCO08 N\ \
VCoOt{ A A 04 8 GVC10 __\\ "
IVC10 C_<g DVC12 SN “
JSCO8| A A A 02 § HSC09 . x
HVCO1{A A A A A A (/;~, IVCOT ~\* N\
* Q N\ \
25 5 & IVC10~F \» Y\ N -
¢ 53383 (1)) J5amsm N\ VY ¢
o Tam< < * | *?' *) *\ \}\*&'
T { { {( * U

7/ 4 NN, B
8 | AL NI
1000 == tcpR . i(( RS LY */)
500, (456 bp) %7 \ ¥ -*/:* /4
B e D SR e - . :x‘/*)/* 5

QE ° . 4 \-—“ *,*
2 S8 No S S - o ® = - % g
OEE88066880‘_° ", A * »
($) 008 . * p
S msLen>>>S>2m> n -
aTIdmxoioOIrTr=229 % ~. " A S
= ® ”~ /
15003 \\ﬁ'\_/* c(’)

’ \\ Q
tcpA \ \ \-/' £ z
(1200bp). — ™ WwEEEwR=wNWw ‘g \\,\__,/’ T ®

1000 -

tepC rooR

Figure 3. tcp genes absent from the V. cholerae O1 pangenome have low breadth and depth by

short-read coverage and are identified as present by PCR.

A) The short-read coverage of fcp operon genes in 8 genomes with variable presence/absence as
determined by panaroo was computed using bedtools and the raw reads aligned to the reference genome
tcp sequences. Genes called as absent by panaroo are marked with a triangle. The breadth of coverage
of each gene is colored according to the scale shown on the right. B) Circos plot showing coverage of tcp
genes. Genes are colored according to the forward (blue) or reverse (red) organization in the genome.
The locations of the primers used in PCR assays are indicated on the genes as ‘gene-F/R’. Gene
coverage is plotted at each individual base and highlighted in orange at <10% and red at absolute zero.
Genes called as absent by panaroo are marked with an asterisk (*). C) fcp genes assessed in study
isolates using PCR. An asterisk (*) indicates expected absence of the gene according to the pangenome

analysis. Clinical isolates of V. cholerae O1 known to have intact tcp and a AfcpA mutant were also used
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322  as controls. PCR primers are listed in Supplementary Table S1. PCR products were run on 1.0%
323  agarose gels and 1kB ladder.
324
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325 DISCUSSION

326

327 V. cholerae O1 genomic studies in human disease have been based on V. cholerae recovered
328 from the stool of patients with cholera, but isolates from vomit may better represent the V.
329 cholerae O1 population at the site of active infection in the small intestine. Here, we examined
330 the genetic relatedness between V. cholerae O1 recovered from the vomit versus the stool
331  from patients with cholera in Bangladesh. We found an overall low level of genetic diversity
332  between sample types. This suggests that bottlenecks between vomit and stool are not

333  pronounced enough to reduce genetic diversity in the V. cholerae O1 population, or that

334  genetic diversity in the initial inoculum is so low that our sample size was insufficient to detect
335 adifference. Additionally, vomiting typically occurs early in the course of infection*3?, but does
336  not directly represent the infecting inoculum. Therefore, we cannot exclude a larger bottleneck
337  occurring between the inoculum and the small intestinal V. cholerae population. Another

338  explanation for the lack of divergence between V. cholerae populations from vomit and stool is
339 that these V. cholerae populations are mixed during physiological processes. During high

340  volume fluid secretion by the small intestine, fluid may transit into large intestine and be

341  excreted very rapidly, possibly on the order of minutes to a few hours, effectively

342  homogenizing V. cholerae populations across the gut.

343

344  Our initial analysis using short-read sequencing suggested that deletions in the tcp operon
345  were present more often in vomit than in stool isolates. Because vomit could include ingested
346  environmental strains that may not encode a functional TCP, we thought it was plausible that
347  TCP loss may be observed in vomit isolates more often than in stool isolates®. Our results do
348 not fully exclude the possibility that TCP may be sporadically lost by pandemic V. cholerae O1
349  strains in the environment and these genomes would rarely be recovered from humans since
350 they would have impaired ability to colonize the human intestine and survive transit through

351 the Gl tract. However, the TCP loss events detected using assembled short reads and
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352  pangenome analysis were not confirmed by PCR or long-read sequencing of a subset of

353 genomes. The low depth and breadth of short-read coverage in many of the tcp genes

354  suggests that this region of the genome may be difficult to sequence and assemble for

355  technical reasons. It is also possible that our results could also represent within-colony

356 variation in these genes. That is, most cells in a colony contain the intact tcp operon (as

357 indicated by their detection by PCR and Nanopore sequencing) but a minority could contain
358 deletions, detectable only by deep short-read sequencing. Such fine-scale variation in tcp
359  could be a topic for future investigation. For the purposes of our study, we refrain from

360 drawing firm conclusions regarding natural selection acting on TCP within patients, and we
361 urge caution in interpretation of pangenome variation from short-read data alone.

362

363  While short-read lllumina sequencing is highly accurate, it seldom allows genomes to be

364  completely assembled. In contrast, long-read sequencing produces reads with a lower

365 individual accuracy, but helps achieve closed genome assemblies with a clearer determination
366 of a gene’s presence or absence. Of note, while none of our sequenced genomes contained
367  tcp deletions, they almost all contained frameshift mutations in at least one region of the tcp
368  operon. These frameshifts could lead to truncated genes that might be identified as ‘absent’ in
369 the pangenome. However, a more likely explanation is that these frameshifts are due to

370  sequencing errors. The frameshifts we detected always followed homopolymer repeats, which
371 are known to be error prone in Oxford Nanopore sequencing®'. It is possible that the next
372  generation of more accurate Nanopore flow cells (R10) combined with multiple rounds of

373  genome polishing could resolve this issue in future studies.

374

375  In summary, we observed low within-patient diversity in V. cholerae O1 recovered from vomit

376  versus stool, consistent with prior studies examining only stool isolates. This indicates that V.
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377  cholerae O1 genomes isolated from stool are likely to represent the population at the site of
378  active infection. If population bottlenecks occur between the upper and lower Gl tract, they do
379 not appear to have a large effect on V. cholerae O1 genetic diversity and are not universal
380 across all patients. We did identify a modest reduction in genetic diversity, particularly in

381  pangenome diversity, in stool compared to vomit, consistent with a non-negligible role for
382  bottlenecks, which could be explored in larger cohorts or time-series studies. Finally, we

383  highlight that gene presence/absence observations based on short-read data should be

384 treated with caution and confirmed by long-read sequencing or other complementary

385  methods.

386

387 Data Availability

388  The sequencing data generated for all 200 isolates and 10 colony controls were deposited in
389 NCBI Genbank under BioProject PRINA1046223.
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