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Abstract 28 

Cholera is a severe, waterborne diarrheal disease caused by toxin-producing 29 

strains of the bacterium Vibrio cholerae. Comparative genomics has revealed "waves" of 30 

cholera transmission and evolution, in which clones are successively replaced over 31 

decades and centuries. However, the extent of V. cholerae genetic diversity within an 32 

epidemic or even within an individual patient is poorly understood. Here, we 33 

characterized V. cholerae genomic diversity at a micro-epidemiological level within and 34 

between individual patients from Bangladesh and Haiti. To capture within-patient 35 

diversity, we isolated multiple (8 to 20) V. cholerae colonies from each of eight patients, 36 

sequenced their genomes and identified point mutations and gene gain/loss events. We 37 

found limited but detectable diversity at the level of point mutations within hosts (zero to 38 

three single nucleotide variants within each patient), and comparatively higher gene 39 

content variation within hosts (at least one gain/loss event per patient, and up to 103 40 

events in one patient). Much of the gene content variation appeared to be due to gain 41 

and loss of phage and plasmids within the V. cholerae population, with occasional 42 

exchanges between V. cholerae and other members of the gut microbiota. We also 43 

show that certain intra-host variants have phenotypic consequences. For example, the 44 

acquisition of a Bacteroides plasmid and nonsynonymous mutations in a sensor histidine 45 

kinase gene both reduced biofilm formation, an important trait for environmental survival. 46 

Together, our results show that V. cholerae is measurably evolving within patients, with 47 

possible implications for disease outcomes and transmission dynamics. 48 

  49 
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Author Summary 50 

Vibrio cholerae is the etiological agent of cholera, a severe diarrheal disease endemic to 51 

Bangladesh and responsible for global outbreaks, including one ongoing in Haiti. Certain 52 

bacterial pathogens can evolve and diversify within the human host, often altering 53 

virulence and antibiotic resistance. However, most examples of within-host evolution 54 

have come from chronic infections, in which the pathogen has sufficient time to mutate 55 

and diversify, and little attention has been paid to more acute infections such as the one 56 

caused by V. cholerae. The goal of this study was to measure the extent of within-host 57 

evolution of V. cholerae within individual infected patients. By sequencing multiple 58 

bacterial isolates from each of eight patients from Bangladesh and Haiti, we found that 59 

cholera patients can harbor a diverse population of V. cholerae. As expected for an 60 

acute infection, this diversity is limited, ranging from zero to three point mutations (single 61 

nucleotide variants) per patient. However, gene gain/loss events are more prevalent 62 

than point mutations, occurring in every single patient, and sometimes involving the 63 

transfer of dozens of genes on plasmids. Even if rare, point mutations and gene 64 

gain/loss events may be maintained by natural selection, and can alter clinically- and 65 

environmentally-relevant phenotypes such as biofilm formation. Therefore, within-patient 66 

evolution has the potential to impact clinical and epidemiological outcomes. Together, 67 

our results demonstrate that within-patient evolution may be a general feature of both 68 

acute and chronic infections, and that gene gain/loss may be an important but under-69 

appreciated feature of within-host evolution.  70 
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Introduction 71 

Cholera is an acute diarrheal infection that remains a serious health threat in 72 

countries with limited access to clean water [1]. Vibrio cholerae is the causative agent of 73 

the disease and is a natural inhabitant of aquatic ecosystems [2], with more than 200 74 

serogroups identified to date on the basis of their somatic O antigens [3,4]. Most V. 75 

cholerae serogroups are not pathogenic; only isolates in serogroup O1 (consisting of two 76 

biotypes known as “classical” and “El Tor” and the serotypes Ogawa and Inaba) and 77 

O139 have been identified as agents of cholera epidemics and pandemics [1]. 78 

Whole genome sequencing and population genomics have the potential to 79 

improve our understanding of the epidemiology, etiology and evolution of bacterial 80 

infectious diseases [5]. For example, comparisons of whole-genome sequences of V. 81 

cholerae strains from across the world, over the course of a century, clarified the history 82 

of the current pandemic [6] and showed that this pandemic is the result of a single clonal 83 

expansion of one V. cholerae O1 El Tor ancestor, accompanied by horizontal gene 84 

transfer (HGT) events involving toxin and antibiotic resistance genes [7]. More recently, 85 

comparative genomics have been applied to answer epidemiological questions, proving 86 

the Asian origin of the strain causing the ongoing Haitian cholera outbreak, which began 87 

in 2010 [8-11]. Using whole genome sequencing and single nucleotide polymorphism 88 

(SNP) analysis, Azarian et al. [12] compared 60 clinical and environmental isolates 89 

collected in Haiti from 2010 to 2012. They found that the 2011 and 2012 strains rapidly 90 

diverged from the 2010 ancestral strain that initiated the outbreak, suggesting evolution 91 

driven by positive selection in a new environment [12].  92 
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Viral pathogens can evolve and diversify within infected patients, with serious 93 

consequences for disease outcome [13], and certain bacterial pathogens have recently 94 

been shown to diversify within patients as well [14]. However, evolutionary and 95 

epidemiological studies are usually conducted with just one bacterial isolate taken as 96 

representative of the infection, even though within-patient diversity is important to 97 

consider, for several reasons [15-18]. Within-host evolution may impact the longer-term 98 

evolution and transmission potential of pathogens, particularly if there are fitness 99 

tradeoffs between evolution within and between hosts. For example, a study of one 100 

cholera patient from Haiti showed that phage-resistant V. cholerae mutants rose to high 101 

frequency within the patient due to positive selection imposed by phage predation[19]. 102 

This study showed how strong selection can shape V. cholerae diversity within patients, 103 

but the prevalence and extent of V. cholerae genetic diversity within patients remains 104 

unclear, and whether intra-host evolution is generally driven by selection.  105 

As for many other bacterial pathogens, the prevailing orthodoxy is that V. 106 

cholerae infections are clonal, and essentially devoid of within-host genetic diversity. 107 

Although within-host V. cholerae populations have not been studied extensively, 108 

additional evidence suggests that within-host diversity does indeed exist, at the level of 109 

phase variation in the O antigen, or in variable number tandem repeat (VNTR) loci 110 

[4,20]. This diversity could arise by within-host evolution, or be due to infection by 111 

different strains that diverged before entering the host. V. cholerae is genetically diverse 112 

in aquatic ecosystems [21] and co-infections from diverse environmental strains are 113 

possible [22]. V. cholerae infections are acute, lasting only a few days before the patient 114 

either recovers or dies [1]. Therefore, there is limited time for within-host evolution 115 

(including mutation, recombination, and selection) to occur. It is therefore expected that 116 
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V. cholerae will experience less within-host evolution compared to more chronic 117 

bacterial infections with documented within-host evolution [23-28]. On the other hand, V. 118 

cholerae grows to large population sizes within the host (from 107 to 109 vibrios per 119 

gram of stool), dominating the gut microbiome [29,30]. If the effective population size 120 

within a host is large, many mutations are expected and natural selection will be 121 

efficient. However, V. cholerae likely experiences population bottlenecks upon infection 122 

and within the gut [31], which would reduce genetic diversity and reduce the efficiency of 123 

selection. In addition to point mutations, V. cholerae can undergo high rates of HGT 124 

[7,32,33], providing an additional potential source of within-host diversity. During an 125 

infection, V. cholerae could acquire genes from plasmids, phages, pathogenicity islands 126 

or genes from the gut microbiota, which appears to be a hotspot of HGT [34]. However, 127 

the extent of within-patient mutation, HGT, and natural selection are still poorly known 128 

for V. cholerae. 129 

In this study, we quantified within-patient genetic diversity of V. cholerae 130 

infections. We characterized genomic diversity of V. cholerae within and between eight 131 

cholera patients, sequencing between eight and 20 isolate genomes per patient. We 132 

identified both intra-host single nucleotide variants (iSNVs) and gene gain/loss events 133 

within patients. As expected for an acute infection, few within-patient point mutations 134 

were detected, ranging from zero to three iSNVs per host. In contrast, we found a 135 

substantial amount of gene content variation: between five and 103 gene gains or losses 136 

within each patient. We infer that most diversity is due to within-host mutation rather 137 

than co-infection, and that HGT of mobile elements is more common than point 138 

mutations. In most patients, within-host evolution can be explained by neutral mutation, 139 

recombination and bottlenecks; however, one patient showed evidence for diversification 140 
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driven by positive selection, resulting in phenotypic variation among intra-host V. 141 

cholerae isolates in their ability to form biofilms. Despite the relatively small numbers of 142 

mutations and HGT events within hosts, these events may have important evolutionary 143 

and phenotypic consequences for V. cholerae populations.  144 

  145 
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Results 146 

Genomic characterization of within-patient isolates  147 

We isolated and sequenced a total of 122 clinical strains recovered in 2013 from eight 148 

patients with culture-confirmed cholera. Five patients were from Dhaka, Bangladesh. 149 

Samples were collected during the same week at the end of 2013, and identified as 150 

patients B1, B2, B3, B4 and B5. The three other patients (H1, H2, H3) came from 151 

Artibonite, Haiti and presented with cholera, all during a three-day period in April 2013. 152 

For each patient, eight to 20 colonies were isolated from a single stool sample to assess 153 

within-patient genetic variation (Fig 1). Colonies were named with a C, followed by a 154 

number; for example, B1C1 corresponds to colony 1 from Bangladesh patient 1. All 155 

strains were identified as toxigenic V. cholerae O1 biotype El Tor, serotype Ogawa 156 

which was the prevailing serotype at each site during the entire study period. Each 157 

isolate was separately sequenced using Illumina technology to a minimum depth of 28X 158 

coverage of the MJ-1236 reference genome (mean coverage = 136X). We de novo 159 

assembled each genome, and also mapped reads to two closed, annotated V. cholerae 160 

reference genomes. After filtering for errors due to culture and sequencing (see 161 

Materials and Methods), we identified a total of 485 high quality single-nucleotide 162 

polymorphisms (hqSNPs) among our 122 isolates, distributed across the genome (S1 163 

Fig), with a majority (471 hqSNPs) located in the branch between the Bangladeshi and 164 

the Haitian strains.  165 

 166 

Within-patient single nucleotide variation  167 
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The set of hqSNPs included intra-host single nucleotide variants (iSNVs) in 168 

patients B1, B4, B5 and H1 (Fig 1). Isolates within patients B2, B3, H2 and H3 were 169 

isogenic, with no iSNVs detected using our quality filters. Patient B1 contained one 170 

intergenic iSNV, and patients B4 and B5 each contained a synonymous iSNV, each in a 171 

different gene (Table 1). Patient H1 contained three iSNVs, all of which were non-172 

synonymous, and two of which occurred in the same gene, a sensor histidine kinase 173 

(Table 1). No small insertion/deletions (indels) were found within any patients. 174 

To ensure that the relatively small number of iSNVs were not due to mutation 175 

during strain isolation and culture [35] or sequencing errors, we sub-cultured and 176 

sequenced 12 colonies from one isolate (B1C1) as a control (Fig 1). Applying the same 177 

filters as for SNP discovery in our patients, we did not detect any iSNVs among control 178 

strains, nor did we detect any SNP differences between replicate libraries prepared and 179 

sequenced using different platforms (Materials and Methods). This suggests that the few 180 

iSNVs identified within patients are unlikely to be culture or sequencing artifacts. 181 

Based on the number (0-3) and frequencies of iSNVs per host, we used 182 

measures of genetic diversity (qW and p) to estimate within-host effective population size 183 

(Ne). We estimated that Ne within each patient ranged from 0 to 110 (S1 Table). Such a 184 

small Ne in a bacterial population is consistent with a recent population bottleneck, 185 

possibly during host colonization, or a recent selective sweep having purged most of the 186 

diversity within the population. 187 

 188 

Gene gain and loss within and between cholera patients  189 
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To characterize variation in gene content among the 122 sequenced isolates, we 190 

analyzed orthologous coding sequences from de novo assemblies. Of 3907 gene 191 

families identified, 3489 were defined as core (i.e. present in all genomes) while 401 192 

(~10% of the total gene pool) were considered flexible, present in only a subset of 193 

genomes. Due to variation in sequencing coverage and nucleotide composition, genome 194 

assemblies may be incomplete, missing a subset of genes that are actually present 195 

[36,37]. To address this issue, we mapped reads back to the full gene catalogue, and 196 

considered a gene to be present when it was covered at 1X (Materials and Methods; S2 197 

and S3 Fig). This filtering procedure revealed that, of the 401 genes initially classified as 198 

flexible, 252 were actually part of the core, leaving 155 bona fide flexible genes. Before 199 

filtering, we observed gene content variation among control isolates, but these false 200 

positives were removed using the 1X coverage filter. After filtering, between five and 103 201 

flexible genes showed variation within patients (Table 2; Fig 2). Because gene content 202 

variation could be biased by different methods of library construction and sequencing, 203 

we sequenced 12 strains in duplicate using two different methods. We observed 204 

variation in the detection of the flexible genome for six of the duplicate sets (S4 Fig), 205 

likely because different library preparation methods are known to have different GC-206 

content biases [38]. Using genomes from one method only (NEBNext/HiSeq), we 207 

identified between five and 67 variable genes per patient; using the other method 208 

(Nextera/MiSeq) we identified between zero and 62 genes (S2 Table). When a variable 209 

gene is not detected in a given method, we consider this a false negative. We conclude 210 

that methodological differences alone cannot explain the flexible genome variation within 211 

patients, and consider both methods combined for the remainder of the study.  212 
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Clustering the 155 flexible genes by their presence/absence profile across 213 

patients revealed four distinct categories of genes (Fig 2). Category A consists of genes 214 

present in Bangladesh (part of the Bangladesh core genome), but showing a patchy 215 

distribution in Haiti. Category B genes are fixed (present in all isolates) in patients B1 216 

and B5, and patchy in other patients. Category C genes are fixed in Haiti and nearly 217 

absent from Bangladesh. Category D genes tend to be rare, often singletons only 218 

observed in a single isolate within either patient B1 or H2.  219 

Several flexible genes corresponded to known mobile genetic elements. Notably, 220 

category A contains 61 gene families (39% of the flexible genome), all located on one 221 

single contig corresponding to the SXT Integrative Conjugative Element (ICE). Category 222 

B encompassed 49 gene families matching Kappa phage proteins. These putative 223 

phage genes were clustered together on large contigs of chromosome 1, and were fixed 224 

in patients B1 and B5 but variable among other patients, some of which contained 225 

complete phage sequences (patients B2 and B3). Category C contained 15 genes, 226 

including some present in the ICE, which mapped to at least five different contigs 227 

(depending on which isolate's assembly was considered), suggesting multiple gain/loss 228 

events or frequent rearrangements. 229 

Over half of the flexible genome (80 genes) was annotated as hypothetical 230 

proteins, compared to the core genome that contained less than 3% hypotheticals. The 231 

flexible genome also contained ten transposases (6.5% of the flexible genome, 232 

compared to 1.4% of the core) and eight genes involved plasmid and viral replication, all 233 

potential mechanisms of HGT[39]. A complete list and annotation of flexible genes is 234 

given in Supplementary Table 5. 235 
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Variation in the flexible gene pool could arise from gene deletion, duplication, or 236 

horizontal gene transfer (HGT). To determine the extent of HGT across species 237 

boundaries, we identified the taxonomic affiliation of each flexible gene according to its 238 

best BLAST hit in GenBank. While 117 of the 155 of flexible genes were assigned to V. 239 

cholerae, the other 38 genes were assigned to other members of the family 240 

Vibrionaceae or even distantly related species of Bacteroides or Staphylococcus (Fig 2), 241 

suggesting HGT from these donors to V. cholerae in the gut. For example, a group of 20 242 

genes present in isolate H2C3 (but absent in other isolates from patient H2) matched a 243 

plasmid previously identified in Bacteroides (Fig 2). These 20 genes of putative 244 

Bacteroides plasmid origin are among 25 singletons, present in only one isolate of 245 

patient H2. Similarly, the 5 singletons in patient B1 (Table 2) are all of putative 246 

Staphylococcus origin. As no other genes were assigned to either Staphylococcus or 247 

Bacteroides, it appears these putative HGT events are not due to contamination from 248 

these taxa. This suggests that cross-species HGT events are relatively rare and recent 249 

events, which may never achieve high frequency in the V. cholerae population, either 250 

within or across hosts. Together, these results suggest that most within-patient variation 251 

in gene content is due to gene flow, deletion or duplication within the V. cholerae 252 

population, with rare but detectable HGT from other species of bacteria, phages and 253 

plasmids in the gut microbiota.  254 

 255 

V. cholerae evolution on different time scales.  256 

In order to place within-host variation in the context of longer-term V. cholerae 257 

evolution, and to distinguish within-patient mutation from coinfection events, we built a 258 

phylogeny of the 122 isolates (all from 2013) as well as 21 additional isolates obtained 259 
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from acute cholera patients sampled in Bangladesh from 2011 to 2013 (Fig 3). These 21 260 

clinical isolates were processed with the same methods as the within-host isolates, from 261 

the culture to the hqSNP discovery (Materials and Methods). With a total of 35 unique 262 

genotypes (one to four per patient), we computed a Bayesian phylogeny, estimated 263 

divergence times, and evolutionary rates using BEAST 1.8.3 [40]. We used an alignment 264 

of all the concatenated hqSNPs except those found in the ICE, a highly variable 100 kb 265 

region (S1 Fig) that undergoes frequent HGT and thus has a separate evolutionary 266 

history from the rest of the genome [6].  267 

To test the degree of temporal structure in the phylogeny, we performed a root-to-268 

tip linear regression (R2=0.65, p<0.0001; S5 Fig), which suggested that our dataset is 269 

sufficiently clock-like to robustly estimate an evolutionary rate. The Bayesian tree was 270 

calibrated with sampling dates of the isolates ranging from March 2011 to December 271 

2013 (Fig 3). We compared different molecular clock and demographic models 272 

(Materials and Methods), and found that the strict molecular clock and the Bayesian 273 

skyline plot models provided the best fit (S3 Table), in accordance with previous studies 274 

of V. cholerae [12,41]. Assuming a constant evolutionary rate across lineages, we 275 

estimated the evolutionary rate at 7.94 × 10-7 hqSNP site-1 year-1 (95% highest posterior 276 

density [HPD], 4.89 × 10-7 to at 1.14 × 10-6) or approximately 3.3 hqSNP year-1 in the 277 

core genome (95% HPD), consistent with previous estimates [6].  278 

We then estimated the ages of the most recent common ancestors (MRCAs) of 279 

the phylogenetic sub-lineages and clusters (S4 Table). Notably, four of the six strains 280 

isolated in 2011 from Bangladesh were found to be closer to the Haitian strains than to 281 

all the other Bangladeshi strains (Fig 3). We called this sub-lineage BDG-B, and 282 

estimated the age of the MRCA of these four strains and the Haitian isolates in 283 
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September 2005 (95% HPD, June 2002 to July 2008), which pre-dates the introduction 284 

of pathogenic V. cholerae in Haiti, and is consistent with its Asian origin [10,11]. The 285 

time of the MRCA of the strains isolated from the three Haitian patients was estimated at 286 

December 2012 (95% HPD, August 2012 to March 2013). 287 

Based on the phylogeny (Fig 3), we sought to distinguish between scenarios of 288 

within-patient mutation or coinfection as causes of within-patient diversity. It is clear that 289 

isolates from the same patient always grouped together, and were never polyphyletic. 290 

This observation is consistent with each patient being colonized by a single clone, which 291 

subsequently diversified by mutation within the patient. The diversity between the eight 292 

patients (7 SNPs) was greater than the diversity within patients (0-3 iSNVs), which 293 

would be unlikely if strains were sampled by patients at random from an environmental 294 

gene pool (Table 1). If within-patient diversity was due to coinfection of the same patient 295 

by multiple different strains, we would expect these strains to share a MRCA before the 296 

date of infection, and certainly before the date stool was sampled. However, the MRCA 297 

of isolates from a single patient always overlapped with the date of sampling, suggesting 298 

that within-patient diversity is more likely due to within-patient mutation than to 299 

coinfection.  300 

 301 

Signatures of natural selection on within-patient variants. 302 

We next asked how regimes of natural selection on V. cholerae varied over time, 303 

within and between patients. We used the nonsynonymous (NS) to synonymous (S) 304 

substitution ratio to measure the strength of selection at the protein level. Over three 305 

years of evolution, we could not reject a neutral evolutionary model and found no 306 

evidence for variation in the NS:S ratio over time, considering only SNPs fixed between 307 
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patients (Supplementary Text). Another possibility is that selection acts over shorter 308 

evolutionary scales, by shaping intra-host diversity during acute infection. Under this 309 

scenario, we would expect NS:S ratios to differ significantly within and between hosts. 310 

For example, higher NS:S within than between hosts could be due to positive or 311 

balancing selection on NS mutations within hosts, or due to more efficient purifying 312 

selection (against deleterious NS mutations) between hosts. To test for such deviations 313 

from neutral evolution, we applied the McDonald-Kreitman test [42] to the eight hosts 314 

surveyed for within-host genetic variation (five from Bangladesh and three from Haiti). 315 

Despite the overall low number of SNPs and iSNVs observed, we found a significant 316 

excess of NS mutations between Bangladeshi patients (Fisher’s exact test, Odds Ratio 317 

> 12, p<0.05; Table 3), suggesting positive selection for the fixation of NS mutations 318 

between patients, or purifying selection against NS mutations within patients. In contrast, 319 

all three iSNVs observed in Haiti were NS, suggesting positive, balancing, or relaxed 320 

purifying selection within patients, although not statistically significant (Fisher's exact 321 

test, Odds Ratio < 0.32, p=1; Table 2).  322 

The three NS iSNVs observed in Haiti all occurred within a single patient, possibly 323 

driven by selective pressures specific to this patient (Table 1). To test whether this 324 

pattern of iSNVs was likely to have occurred at random or due to patient-specific 325 

selection, we performed permutations of iSNVs among hosts and estimated expected 326 

iSNVs frequencies (F) and number of NS iSNVs per host and region. We found a 327 

significant excess of iSNVs in Haiti (FHTI = 0.15; p<0.05; 10,000 permutations) and in 328 

patient H1 (FH1 = 0.44; p<0.01), but not in Bangladesh (FBGD = 0.03; p>0.05) nor in any 329 

other patients (F = 0-0.05; p>0.05). All iSNVs identified in Haiti and in patient H1 were 330 

nonsynonymous, which was significantly higher than expected by chance (p<0.01 and 331 
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p<0.001, respectively; Fig 4). These results show that patient H1 has a significant 332 

excess of NS iSNVs compared to other patients. This suggests positive or balancing 333 

selection on NS iSNVs within patient H1, or relaxed purifying selection in H1 compared 334 

to other patients.  335 

The three NS iSNVs in patient H1 occurred in two genes. The first gene, 336 

containing one iSNV, encodes a member of the tetracycline resistance (TetR) family of 337 

transcriptional regulators (NCBI: ACQ60802.1), known to be involved in the 338 

transcriptional control of multidrug efflux pumps and other pathways like quorum-sensing 339 

circuits or pathogenicity[41,43]. The other two non-synonymous mutations in patient H1 340 

were located in the same gene (NCBI: ACQ61177), a sensor histidine kinase (HK) called 341 

vprB, which is required for resistance to the antimicrobial peptide polymyxin B [44]. Each 342 

of these two iSNVs occurs at a different site in the gene, each in a different isolate. 343 

Based on the fact that the major allele at each of these iSNV sites was present in both 344 

reference genomes (MJ1236 and 2010EL-1786), we inferred that the minor alleles (both 345 

at frequency 1/9 in patient H1; Table 1) were derived, presumably due to within-patient 346 

mutation. A comparison of the vprB (ACQ61177) protein sequence with its 465 closest 347 

orthologs revealed that the NS iSNVs identified in this gene modify peptides that are 348 

otherwise highly conserved across Vibrio species (S7 Fig), suggesting that these 349 

mutations may affect protein function. 350 

 351 

Within-patient variants affect biofilm formation. 352 

To identify possible phenotypes conferred by these within-patient variations, we 353 

performed three sets of experiments on the strains from patient H1 harboring the three 354 

NS point mutations, and the strain for which the Bacteroides plasmid was detected in 355 
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patient H2. First, to test whether intra-host variants had any effect on V. cholerae growth 356 

in liquid medium, we measured the growth rates of strains with derived iSNV alleles 357 

compared to one isogenic strain (with inferred ancestral alleles and no variation in the 358 

flexible genome) from the same patient, and found no significant difference in the growth 359 

rates between strains. Second, we tested for resistance to the antibiotic polymyxin B, as 360 

loss of vprB function has been previously associated with increased susceptibility to 361 

polymyxin B [44], and again found no difference between strains (S8 Fig). Third, we 362 

tested for biofilm formation, as it has been previously suggested that biofilm formation 363 

inside the host can impair intestinal colonization [45,46], and it is known that HKs in 364 

certain two-component systems can affect biofilm formation (48,49). As a biofilm-365 

negative control, we used RBM, a biofilm knock-out strain of V. cholerae [47], sterile LB, 366 

or saline.  367 

For patient H1, we did not detect any significant difference in biofilm formation 368 

between strains with the ancestral iSNV allele (in isolate H1C1) and the derived allele in 369 

the transcriptional regulator gene (isolate H1C4). However, we found that H1C5 and 370 

H1C6, the two isolates with derived alleles in the HK gene vprB, produced significantly 371 

less biofilm than the other strains from the same patient (Fig 5A). Based on our hqSNP 372 

calls and flexible gene analysis, the genome of H1C5 was identical to H1C1, with the 373 

exception of the iSNV in the HK gene. Therefore, the difference in biofilm phenotypes is 374 

attributable to this iSNV. However, H1C6 differed from H1C1 by an iSNV in the HK 375 

gene, and also by the presence/absence of genes in the flexible genome (S4 Fig). 376 

However, this gene content variation did not measurably affect biofilm formation (Fig 377 

5A).  378 
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In the case of patient H2, we showed that the presence of a plasmid of putative 379 

Bacteroides origin strongly affects biofilm production. Specifically, the plasmid-380 

containing isolate (H2C3) produces approximately two-fold less biofilm than an isogenic 381 

control from the same patient (H2C5). H2C3 biofilm formation was indistinguishable from 382 

negative controls (Fig 5B). Together, these results show that both point mutations and 383 

plasmids segregating within patients can affect biofilm formation.  384 
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Discussion: 385 

In this study, we surveyed the genetic diversity of Vibrio cholerae within infected 386 

patients. Using whole-genome sequencing, we analyzed 122 clinical isolates from eight 387 

cholera patients from Bangladesh and Haiti, and demonstrated that overall levels of 388 

within-patient variation are low for V. cholerae populations compared to more chronic 389 

bacterial pathogens, which routinely harbor more than 20 iSNVs per patient [24-28,48]. 390 

Even if rare, point mutations may be under selection within hosts, with phenotypic 391 

consequences. For example, we showed that intra-host mutations in a sensor histidine 392 

kinase gene reduced biofilm formation. In addition to point mutations, HGT plays a major 393 

role in Vibrio cholerae evolution and may represent the major source of genetic diversity, 394 

not only in the aquatic environment, but also in the human host – and with large effects 395 

on phenotypes like biofilm formation. Specifically, different mutations in a sensor 396 

histidine kinase and the acquisition of a plasmid both reduced the ability of V. cholerae 397 

to form biofilms, which could be advantageous during host colonization[44,45]. 398 

 399 

Gene content variation within patients and its functional consequences 400 

While HGT is already well-characterized on longer epidemiological time scales, 401 

we show that it also occurs within individual patients. V. cholerae is known to undergo 402 

HGT via transformation [49], transduction [50] and conjugation [51,52]. HGT contributes 403 

substantially to drug resistance, pathogenicity and adaptation to different environments, 404 

via the acquisition of genomic islands, phages, transposons, ICEs and plasmids [7,53]. 405 

Our characterization of the flexible genome within patients used read mapping to confirm 406 

gene absences, reducing false positive inference of gene content variation (S2 and S3 407 
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Fig). We detected between five and 103 genes that varied in presence/absence within 408 

patients (Fig 2; Table 2). Each gene does not necessarily represent an independent 409 

gain/loss event; for example, the ICE contained 61 genes on a single contig, likely a 410 

single gain/loss event. Even under the conservative assumption that all gene content 411 

variation represents a single gain/loss event per patient, this still indicates at least one 412 

event per patient. 413 

Some of the putative HGT events could have consequences for V. cholerae 414 

survival and virulence within the host. For instance, the group of 20 genes acquired by 415 

one V. cholerae isolate within patient H2, likely via a plasmid of Bacteroides origin, is 416 

associated with a two-fold reduction in biofilm formation (Fig 5). Among these 20 genes, 417 

we identified an antibiotic resistance gene, a haloacid dehalogenase protein that could 418 

impact pathogenicity [54], and a FtsY recognition signal protein that was shown to 419 

increase virulence in Streptococcus [55], among others (S4 Fig). Among the genes likely 420 

acquired from a Staphylococcus donor in isolate B1C2, three could potentially be 421 

involved in modulation of virulence (S4 Fig, S6 Table). First, a GNAT family 422 

acetyltransferase could promote virulence or increase antibiotic resistance [56,57]. 423 

Second, a putative phosphoenolpyruvate phosphotransferase has been demonstrated to 424 

play a role in biofilm formation in Vibrio [58-60]. Finally, the KdpC gene (a potassium-425 

transporting ATPase) has been shown to modulate virulence in Mycobacterium 426 

paratuberculosis [61].  427 

Not all gene gain/losses are due to HGT. Many can be explained by gene 428 

deletions, such as phage excision events. Deletions could explain much of the variation 429 

among genes in categories A and B (Fig 2), respectively corresponding to the ICE and 430 

Kappa phage. These elements are known to vary among V. cholerae strains, but here 431 
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we document likely excision events during human infection. Genes in category D tend to 432 

be singletons, present in just a single isolate, and with taxonomic affiliations well beyond 433 

V. cholerae, including Bacteroides, Staphylococcus, and crAssphage (Fig 2). Category 434 

D genes are most easily explained by cross-species HGT, as previously documented by 435 

Folster and colleagues, who identified a Haitian isolate having gained multidrug 436 

resistance through transfer of a plasmid from a species of Enterobacteriaceae [51]. 437 

Taken together, these results are consistent with the human gut being a hotspot of HGT 438 

[62], sometimes involving pathogens like V. cholerae.  439 

 440 

Regimes of natural selection inferred from within-patient point mutations 441 

The low levels of polymorphism (0-3 iSNVs per patient) we observed within 442 

cholera infections could be easily confounded with sequencing errors or mutations 443 

occurring during culture rather than within patients. Therefore, we developed filters for 444 

calling SNPs and gene gain/loss events that yielded zero variation among control 445 

colonies, suggesting low rates of false-positive variant calls and increasing confidence 446 

that the six total iSNVs (Fig 1; Table 1) did indeed vary within patients. 447 

Point mutations detected within cholera patients could be the result of de novo 448 

mutations occurring within the patient, or a consequence of a co-infection from different 449 

strains that had diverged previous to the infection. Although we cannot formally exclude 450 

coinfections, our results are more consistent with de novo mutation within hosts. Isolates 451 

from the same patient were grouped together on the phylogeny (Fig 3), suggesting a 452 

clonal ancestor. This result is consistent with previous findings that cholera outbreaks 453 

are highly clonal [63].  454 
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Cycles of transmission from host to host, or from aquatic environment to host, can 455 

induce population bottlenecks, reducing the effective population size. Based on 456 

comparisons of distantly related genomes, Ne of V. cholerae has been estimated to be 457 

4.78x108 [64]. This relatively large Ne reflects the high genetic diversity present in the 458 

aquatic environment, and over long evolutionary time sales. However, during 459 

transmission and intestinal colonization, the size of the V. cholerae population 460 

experiences drastic bottlenecks that could temporarily reduce Ne. Abel and colleagues 461 

showed that V. cholerae population sizes in rabbit models of infection ranged from 105 462 

during the early phases of colonization to ~102 at the late phases of infection [31]. Our 463 

estimates of Ne based on iSNVs give values of 0 to ~102, consistent with population 464 

bottlenecks or selective sweeps purging diversity (S1 Table).  465 

In addition to the small within-patient Ne, we found that the distribution of 466 

mutations, physically along the V. cholerae genome, and temporally along the 467 

phylogeny, could generally be explained by random neutral simulations (Supplementary 468 

text). However, we identified an excess of nonsynonymous mutations in one Haitian 469 

patient (H1), suggesting positive or diversifying selection on V. cholerae within this 470 

patient (Fig 4). Two of these mutations affected the same protein, a sensor protein-471 

histidine kinase. This sensor protein histidine kinase (HK) is part of a two-component 472 

system known as VprAB, which has been shown to mediate glycine fixation in the lipid A 473 

domain of lipopolysaccharide molecules, which is necessary for resistance to the 474 

antimicrobial peptide polymyxin B [44]. Another two-component system, CarRS, is 475 

known to confer polymyxin B resistance, but also to negatively regulate biofilm formation 476 

[65,66]. Here, we found that derived alleles (presumed de novo mutations within the 477 

host) in the HK VprB did not appear to affect polymyxin B resistance (S8 Fig), but did 478 
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reduce the ability of V. cholerae to form biofilms (Fig 5). It has been previously 479 

suggested that biofilm formation may be beneficial for survival in the aquatic 480 

environment, but detrimental to survival or colonization of mammalian hosts [45,46]. 481 

Therefore, the derived iSNV alleles may have been selected for reduced biofilm 482 

formation. 483 

Our study provides an opportunity to compare V. cholerae evolutionary dynamics 484 

between Bangladesh, where cholera has been endemic for hundreds or thousands of 485 

years [67], and Haiti, where it was introduced in 2010. Our results suggest that selective 486 

pressures on V. cholerae may differ between Haiti and Bangladesh, as previously 487 

proposed [12]. In Bangladesh, we observed an excess of nonsynonymous (NS) 488 

mutations between patients (Table 3), suggest positive selection on protein sequences 489 

between patients, or efficient purifying selection purging nonsynonymous mutations 490 

within patients. In contrast to Bangladesh, where zero NS iSNVs were observed, we 491 

observed three NS iSNVs in Haiti, all within the same patient. Such differences between 492 

Haiti and Bangladesh need confirmation in a larger sample, and if confirmed could have 493 

different explanations. For example, if Haitian patients are less likely than Bangladeshis 494 

to have had prior exposure and immunity to cholera, perhaps cholera infections could 495 

last longer, or support larger V. cholerae population sizes within patients in Haiti, 496 

allowing more efficient positive selection within patients. Further sequencing of intra-host 497 

V. cholerae genomes, ideally in combination with clinical data on infection durations and 498 

outcomes, will be needed to test this hypothesis.  499 

 500 

Conclusion 501 
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In summary, we have shown that small but measurable genomic changes occur 502 

in the V. cholerae genome during human infections. Changes in flexible gene content 503 

appear to accumulate more quickly than point mutations, although point mutations may 504 

be targets of natural selection. Both gene content variation and point mutations can 505 

have consequences for the phenotypes of within-patient V. cholerae populations, 506 

including clinically- and environmentally relevant traits like biofilm formation. Future 507 

studies will be necessary to determine the role of intra-host diversity in the evolution of 508 

antibiotic resistance, host adaptation, and the severity of disease in infected patients.  509 

  510 
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Materials and methods 511 

Enrollment 512 

To study cholera within-host diversity, stool samples were collected from five 513 

patients (B1 to B5) from Dhaka, Bangladesh, and three patients (H1 to H3) from 514 

Artibonite, Haiti. Between eight and 20 V. cholerae colonies were isolated from each 515 

patient, as described below. Patients in Bangladesh were enrolled at the icddr,b 516 

(International Center for Diarrheal Disease Research, Bangladesh) Dhaka Hospital. The 517 

icddr,b cares for more than 120,000 patients annually including approximately 20,000 518 

with cholera. Patients presenting during 2013 with acute watery diarrhea were eligible 519 

for inclusion in this study if stool cultures were positive for V. cholerae as the only 520 

pathogen, if they were between 2 and 60 years of age, resided in or around Dhaka, and 521 

were without major comorbid conditions. In Haiti, samples were collected from patients 522 

presenting to St. Marc's Hospital, Arbonite, Haiti, with acute watery diarrhea in April 523 

2013.  524 

In addition to these eight patients, we included 21 "Time Course" patients (TC01 525 

to TC21) from a surveillance program conducted by the icddr,b, between 2011 and 526 

2013. For the Time Course samples, only one isolate was sequenced per patient. 527 

 528 

Sample Processing  529 

In Bangladesh, diarrheal samples were examined by dark field microscopy and if 530 

positive for V. cholerae on presentation, then stool was cultured overnight. Samples with 531 

visible V. cholerae growth were serologically confirmed by slide agglutination with 532 

specific monoclonal antibodies for Ogawa or Inaba serotypes [68]. Confirmed cholera 533 
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stool was stored in glycerol at -80°C and shipped to Massachusetts General Hospital, 534 

Boston. In Haiti, fresh stool from suspected cholera patients was stored in glycerol at -535 

80°C and shipped from St. Marc’s Hospital to Massachusetts General Hospital, Boston. 536 

Stool from both Haiti and Bangladesh was stored at MGH at -80°C and then streaked 537 

directly onto thiosulfate-citrate-bile salts-sucrose agar (TCBS), a medium selective for V. 538 

cholerae. After overnight incubation, twenty well-separated colonies were inoculated into 539 

5 mL Luria-Bertani broth and grown at 37°C overnight. For each colony, 1mL of broth 540 

culture was stored at -80°C with 30% glycerol until DNA extraction. For patient 1, one of 541 

the colonies was re-streaked on a new TCBS plate and 12 colonies were selected as a 542 

control for culture-induced artifacts and sequencing errors.  543 

 544 

DNA extraction and whole genome sequencing.  545 

Bacterial stocks made from a single colony were grown in 1.5mL LB media with 546 

agitation at 37°C for 12 hours. Genomic DNA was extracted for each isolate using the 547 

Qiagen DNeasy Blood® and Tissue kit, using 1.5mL bacteria grown up in LB media. In 548 

order to obtain pure gDNA templates, an RNase treatment was followed by a purification 549 

with the MoBio PowerClean® Pro DNA Clean-Up Kit.  550 

From 122 isolates retrieved from the eight patients, 66 genomic libraries were 551 

constructed using the Nextera DNA library kit, according to the manufacturer’s protocol 552 

(Illumina) and were sequenced with the 250-bp paired-end v2 kit on the Illumina MiSeq. 553 

The remaining 56 libraries were prepared using the NEBNext Ultra II DNA library prep kit 554 

and sequenced on the Illumina HiSeq 2500 (paired-end 125 bp) at the Genome Québec 555 

sequencing platform (McGill University). Twelve isolates were sequenced in replicate 556 

using both methods. For details about isolates, sequencing and assembly see S5 Table.  557 

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted July 28, 2017. ; https://doi.org/10.1101/169292doi: bioRxiv preprint 

https://doi.org/10.1101/169292
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27 

 558 

Genome assembly  559 

To exclude low-quality sequences, we filtered raw reads with Trimmomatic [69]. 560 

The 15 first bases of each read were trimmed and reads containing at least one base 561 

with a quality score of <30 were removed. De novo assembly was then performed for 562 

each strain using IDBA_ud v1.1.1[70]. 563 

Filtered reads were also mapped with Bowtie2 v2.2.5[71] to a total of 11 564 

references: two annotated reference genomes, one from Haiti (2010EL-1786, accession 565 

no. NC_016445.1 and NC_016446.1), one from Bangladesh (MJ1236, accession 566 

number NC_012667 and NC_012668), and nine assembled genomes (one from each 567 

patient and one from the sub-cultured control colonies: B1C1-06, B1C7, B2C12, B3C12, 568 

B4C5, B5C10, H1C5, H2C3, H3C2). PCR duplicates were removed from mapping using 569 

the MarkDuplicates function of PICARD TOOLS v1.130 570 

(https://broadinstitute.github.io/picard/) and the SAMtools view utility [72], and 571 

realignment around indels was performed using the Genome Analysis Toolkit v3.1.1, 572 

with default settings. To facilitate the identification of homologous regions among the 573 

eleven reference genomes, MJ1236 and the nine de novo assembled genomes were 574 

aligned against the 2010EL-1736 genome using the “move contig” option in Mauve v. 575 

2.4.0 [73], with default parameters.  576 

 577 

Variant calling and annotation 578 

We used SAMtools v1.3 and BCFtools v1.1 to call SNPs and indels from 579 

mapping, requiring a minimum mapping quality of 30 and a minimum base quality of 20. 580 

Resulting SNPs and indels were then filtered by quality score (<20), depth of coverage 581 
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(<10) and FQ scores (<0, lower values indicate agreement between reads) with VCFlib 582 

[74]. For each strain, we also filtered variable positions that were not retrieved in all the 583 

mappings against all 11 references, by performing reciprocal BLAST of the 50 584 

nucleotides upstream and downstream of each variable position and comparing them. 585 

Only matches with >95% identity were kept and multiple matches were excluded as 586 

possible duplications and repeated elements. After applying these filters, we compared 587 

the genomes of the 12 replicate clones from the strain B1C1, to control for possible 588 

SNPs due to mutations during culture, or sequencing errors. We also removed positions 589 

that were called as variable when reads from one isolate were mapped to the assembly 590 

from the same isolate. We considered these SNPs as potential sequencing, mapping or 591 

assembly errors. Using these filters, we generated a list of high-quality SNPs (hqSNPs). 592 

From this list, we identified intra-host single nucleotide variants (iSNVs) as SNPs that 593 

were polymorphic among isolates from the same patient. No iSNVs were identified 594 

among the control colonies (the 12 replicate clones subcultured from B1C1). 595 

Annotations were available for the MJ1236 reference genome and were retrieved 596 

from GenBank files (Chromosome 1: CP001485.1; chromosome 2: CP001486.1). 597 

Variants from the core genome were classified in three categories: intergenic (INT) when 598 

falling outside of a coding region, synonymous (S) when affecting the nucleotide 599 

sequence of at least one gene but not its amino-acid sequence; or non-synonymous 600 

(NS) when affecting the amino acid sequence of at least one gene.  601 

 602 

Estimation of effective population sizes (Ne) 603 

To estimate effective population size within each patient, we used the formula 604 

Ne = θ/2 μ, where Ne is the effective population size, θ is a measure of genetic diversity 605 

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted July 28, 2017. ; https://doi.org/10.1101/169292doi: bioRxiv preprint 

https://doi.org/10.1101/169292
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

and μ is the mutation rate [75]. We assumed a mutation rate of μ=1/300 per genome per 606 

generation [76]. We report the estimated Ne for each patient in S1 Table, using both 607 

Waterson’s estimator (qW or S) and Tajima’s estimator (qT or p) as measures of genetic 608 

diversity. We calculate these estimators as describe in Tajima 1989 [75]. 609 

 610 

Characterization of the flexible genome 611 

From assemblies, we annotated the genomes using the RAST pipeline [77] with 612 

default parameters. Predicted proteins were used as input for the OrthoFinder software 613 

[78] to predict orthologous gene families. These orthologous gene families were 614 

classified into three different categories: multiple gene families (>1 copy per genome, on 615 

average), single copy genes (exactly one copy per genome) and flexible genome (<1 616 

copy per genome). 617 

 618 

Presence or absence of genes  619 

As absence of a given gene in a genome could be an artifact of the assembly 620 

process, we confirmed the absence of each gene family using the raw reads (Fig S2). A 621 

representative catalogue of the flexible genome protein sequences was built using the 622 

cd-hit program with a 90% similarity threshold [79]. We used sequences of the catalogue 623 

as queries for a blastn search on raw reads. We considered a gene family to be present 624 

in a given genome if the average coverage of the gene was greater or equal to 1X. This 625 

coverage threshold allowed us to detect every single gene in the gene catalogue (S3 626 

Fig) while observing no variability among the control strains. To calculate coverage, we 627 
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summed the length of all reads matching a given query over a minimal length of 100 628 

nucleotides and a minimal identity of 97%, and divided by the gene length.  629 

 630 

Inference of flexible gene origins 631 

In order to estimate the origin of the flexible genome gene pool, we performed an 632 

extended phylogenetic analysis of all 155 flexible gene families. The flexible gene 633 

catalogue served as query for a blastp search against the NCBI database. For each 634 

gene, we selected the first 200 hits matching with an E-value below 1E-05. The hit 635 

sequences were aligned using muscle with default parameters [80] and phylogenetic 636 

analysis performed with the FastTree algorithm using default parameters [81]. Finally, 637 

we screened nexus formatted trees from FastTree to identify the closest relative 638 

sequences of each gene in our dataset. This allowed us to classify the flexible genes 639 

into three mutually exclusive categories: first, genes whose closest relative originated 640 

from the Vibrio cholerae gene pool; second, genes whose closest relative is from Vibrio 641 

but not cholerae (i.e non-cholera Vibrio strains); and finally, the third category includes 642 

genes whose closest relative was outside the genus Vibrio. Trees were also displayed 643 

automatically using the FigTree java program for a manual inspection 644 

(http://tree.bio.ed.ac.uk/software/figtree/). To guard against false-positive inference of 645 

horizontal gene transfers from non-V. cholerae, a negative control was performed. We 646 

repeated the blastp/FastTree procedure using 155 genes extracted randomly from core 647 

genes in our study. As expected, these were all assigned Vibrio cholerae taxonomic 648 

affiliations.  649 

 650 

Phylogenetic evolutionary inference and root-to-tip regression.  651 
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For all phylogenetic analyses, we did not consider the Integrative Conjugative 652 

Element (ICE), as the evolution of this region, a mutation hotspot, mostly reflects 653 

recombination events (S1 Fig). The ICE was defined as the region of MJ1236 654 

chromosome 1 located between positions 87776 and 193789 (after reverse-655 

complementation of MJ1236), according to a previous study [82]. A final alignment of 656 

201 concatenated hqSNPs was generated from the core genome of the 35 genotypes 657 

(TC01-TC21 plus one to four unique genotypes per patient) and used for phylogenetic 658 

analysis. We used Seaview v.4.5.4 [83] to generate a maximum-likelihood phylogeny, 659 

employing a general time reversible (GTR) substitution model with four rate classes and 660 

SPR branch-swapping. All sites being variable in the alignment, we did not consider the 661 

proportion of invariable sites. To measure the extent of clock-like structure in our data 662 

set, we performed a linear regression of root-to-tip distances against dates of isolation, 663 

using the TempEst software [84]. Substitution rates and divergence times were then 664 

estimated using BEAST package v.1.8.3 [40], with XML-input files manually modified to 665 

specify the number of constant sites. For this analysis, we tested and compared both 666 

strict and uncorrelated lognormal molecular clock models and three coalescent models 667 

(exponential growth coalescent, constant-size coalescent and Bayesian Skyline 668 

demographic models), resulting in 6 possible model combinations. For all of them we 669 

used a GTR + G nucleotide substitution model and the sampling times for calibration. All 670 

of these combinations were run using 10,000,000 MCMC chains, with 10% burn-in and 671 

sampling every 5,000 generations. We used Tracer v.1.6 to ensure proper mixing, with 672 

all parameters having an effective sample size > 200. To select the best molecular clock 673 

and coalescent models, we estimate the marginal likelihoods for each combination via 674 

path-sampling, and we compared them with Bayes factors [85]. Divergence time, 675 
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substitution rates and resulting tree were reported from the models with the highest 676 

marginal likelihood. 677 

 678 

Tests for natural selection over a three-year period 679 

To distinguish between positive selection, purifying selection, or neutral evolution 680 

of protein-coding sequences, we considered variation in the proportion of non-681 

synonymous hqSNPs (pNS) in the V. cholerae core genome. Specifically, we evaluated 682 

how pNS varied over time (a three-year period from 2011 to 2013) and among branches 683 

of the phylogenetic tree. We considered N=136 hqSNPs (excluding the ICE region, a 684 

mutation hotspot; S1 Fig) that varied among 21 isolates sampled over three years in 685 

Bangladesh (patients TC01-TC21) and the 122 isolates sampled from five patients from 686 

Bangladesh (patients B1-B5) and three from Haiti (Patient H1-H3). For these analyses, 687 

we excluded iSNVs by considering only the most frequent haplotype found within each 688 

patient, assumed to be ancestral. 689 

We first tested whether the overall observed pNS is to be expected under a simple 690 

neutral model of evolution. We performed 1,000 simulations of N mutations randomly 691 

distributed across the core genome of the MJ1236 reference. For each simulation, we 692 

re-estimated the relative proportions of intergenic (pI), synonymous (pS) and non-693 

synonymous (pNS) mutations, using annotations available for MJ1236 (GenBank: 694 

CP001485-6). We controlled for potential effects of genome-wide nucleotide composition 695 

by comparing simulations with or without imposed GC content of mutated positions (i.e. 696 

matching the GC content observed among the N real hqSNPs). We also controlled for 697 

any bias in the transition:transversion ratio by comparing simulations with or without 698 

imposed transition rate (i.e. matching the ratio observed among the N real hqSNPs). We 699 
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considered that the core genome evolved under positive selection when the observed 700 

pNS was higher than in at least 97.5% of simulations. We considered that the core 701 

genome evolved under purifying selection when the observed pNS was lower than in at 702 

least 97.5% of simulations. We failed to reject neutral evolution when the observed pNS 703 

fell within the 95% range of simulations. 704 

Second, we tested whether fixed core genome hqSNPs were distributed evenly 705 

across branches of the phylogeny. Specifically, we asked whether substitution rates 706 

differ between Bangladesh and Haiti, or between long internal branches and the shorter, 707 

more recent tips of the tree where selection may have had insufficient time to act. To do 708 

so, we defined 3 well-separated monophyletic clades based on the evolutionary tree of 709 

the V. cholerae core genome. The tree was built in MEGA5 using a maximum composite 710 

likelihood model [86] (S6B Fig). We distinguished hqSNPs that were fixed among clades 711 

(corresponding to long branches) from those that are variable within clades (the tips of 712 

the tree). We hypothesized that if differences in pNS are observed between vs. within 713 

clades, this could suggest that selection or substitution rates vary among clades and 714 

over time. To test this, we performed 10,000 random permutations of hqSNPs among 715 

branches of the evolutionary tree, and for each permutation, we re-estimated pI, pS and 716 

pNS within clade. For each monophyletic clade, we considered that the substitution rate 717 

was higher than expected by chance when the observed pNS was higher than in at least 718 

97.5% of permutations. We considered that the substitution rate was lower than 719 

expected by chance when the observed pNS was lower than in at least 97.5% of 720 

permutations. We failed to reject neutral evolution when the observed pNS fell within the 721 

95% range of permutations. 722 

 723 
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Tests for natural selection within and between patients 724 

To investigate the role of natural selection within versus between patients from 725 

Bangladesh and Haiti, we performed the McDonald-Kreitman test [42] to test the neutral 726 

hypothesis that nonsynonymous (NS) to synonymous (S) substitution ratios remained 727 

constant over evolutionary time (within vs. between hosts). Specifically, we computed 728 

the Fixation Index (equivalent to an odds ratio statistic) as the NS:S ratio between 729 

patients (fixed SNPs) divided by the NS:S ratio within patients (iSNVs). Significant 730 

deviations of the Fixation Index from neutral expectation were evaluated using Fisher’s 731 

exact test. 732 

We then tested whether iSNVs are equally distributed among patients, and if any 733 

patient contained an excess (possibly due to positive or balancing selection) or a deficit 734 

(possibly due to efficient purifying selection) of NS iSNVs. To do so, we performed 735 

permutations of iSNVs among the eight patients and estimated expected iSNV 736 

frequencies (F) and pNS per patient (B1-B5; H1-H3) and region (Bangladesh and Haiti). 737 

We first assigned each of the 122 strains collected from the eight patients to one of the 738 

four following haplotypes: H0 as strains having the most frequent haplotype found within 739 

each patient, and assumed to be ancestral for that patient; HINT as strains having one 740 

intergenic iSNV; HS as strains having one synonymous iSNV and HNS as strains having 741 

one synonymous iSNV. (No strains were observed with more than one iSNV, so these 742 

haplotypes are sufficient to model the observed intra-patient diversity). We then 743 

performed 10,000 random permutations of the four haplotypes among the 122 strains. 744 

When an iSNV was shared between two or more strains within a patient, but not 745 

observed in other patients, we ensured that these strains were always assigned to the 746 

same patient during permutations. For each simulation and for each patient or region, 747 
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we reported the total iSNV relative frequency (F = number of strains containing iSNVs / 748 

the total number of strains sequenced for that patient or region) and pNS, defined as 749 

above. For each region and each patient, we considered that F and pNS were higher or 750 

lower than expected by chance when the observed values were respectively higher or 751 

lower than in at least 97.5% of permutations. We concluded that F and pNS were 752 

consistent with our neutral model when they fell within the 95% range of permutations. 753 

 754 

Sensor histidine kinase protein conservation analysis 755 

Of the three NS iSNVs in patient H1, two occur in the same gene, a predicted 756 

sensory histidine kinase (NCBI accession number ACQ61177, from the reference 757 

genome MJ-1236). We sought to determine whether these two NS iSNVs occurred in 758 

conserved or variable peptides. To do so, we retrieved the 500 best matches (top 759 

BLAST hits) for the ACQ61177 protein sequence in NCBI GenBank using BLASTp. 760 

From these 500 homologous sequences, we removed identical (duplicate) sequences, 761 

and those that were truncated at the N or the C terminus, resulting in 465 unique 762 

homologous sequences. We then determined whether 4-amino-acid (4aa) peptides 763 

surrounding the mutated residues were conserved among these sequences. We defined 764 

a simple conservation score as the proportion of homologs having the reference peptide 765 

(from V. cholerae MJ1236). This score could be influenced by a biased sample of 766 

sequences in GenBank, and thus represents a rough estimate of conservation. In order 767 

to minimize the effect of peptide convergence, we did not consider 4aa motifs that were 768 

found at least twice in at least one sequence, which was not the case for any of the 769 

peptide motifs affected by the two observed iSNVs.  770 

 771 
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Liquid culture and biofilm growth assays of isolates from patients H1 and H2 772 

We performed in vitro experiments to identify phenotypic consequences of iSNVs 773 

in patient H1, or flexible gene content variation in patient H2. Isolates were grown in 4 ml 774 

of LB broth with agitation at 30°C, and optical densities were measured at 600 nm using 775 

a spectrophotometer every hour for 12 hours, revealing no significant differences in 776 

growth between strains. To test for biofilm production, we grew the same strains in 200 777 

µl of LB in a 96-well plate, without agitation at 30°C for 48 hours. Controls included 778 

empty wells, wells with LB only, and wells with a V. cholerae strain with an in-frame 779 

deletion in the vpsA (Vibrio polysaccharide A) gene, which results in reduction of biofilm 780 

production[47]. A 0.1% solution of Crystal Violet was used to stain for biofilm adherent to 781 

the well. Biofilms were dissolved in ethanol at the end of the assay, and the optical 782 

density was measured at 595 nm using spectrophotometry. Experiments were 783 

performed in replicates of four to twelve.  784 

 785 

Polymyxin B MIC assay on patient H1 isolates 786 

 Strains H1C1, H1C5 and H1C6 were grown overnight at 30°C on LB agar and 787 

then cultures were diluted 1:100 in fresh LB medium. Cells were grown to mid-788 

exponential growth and diluted 1:10, and an aliquot was plated on LB agar. Polymyxin B 789 

Etest gradient strips (AB Biodisk) were applied onto inoculated plates and incubated at 790 

37°C, and the MICs were evaluated after 16 h.  791 

 792 

  793 

 794 
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Figures 817 

Fig 1. Culture and sequencing of Vibrio cholerae isolates from eight acutely infected 818 

patients. To study within-patient evolution, we cultured stool samples from five patients from 819 

Bangladesh (B1 to B5) and three patients from Haiti (H1 to H3), on selective media. We isolated 820 

between eight and 20 colonies from each patient and sequenced them separately. For patient 821 

B1, we performed a sub-culture of one isolate (dotted outline) and sequenced twelve of these 822 

new isolates, as a control for cultured-induced and sequencing artifacts. We independently 823 

called variants, compared them between isolates within each patient to identify the intra single 824 

nucleotide variants (iSNVs, colored circles) and determined whether they were intergenic (i), 825 

synonymous (S), or non-synonymous (NS) mutations.   826 

 827 
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Fig 2. Presence/absence profile and taxonomic affiliation of gene families in the flexible 828 

genome. Red in the heatmap indicates gene presence; black indicates absence. Each column 829 

shows the presence/absence profile for a unique gene family. The heatmap is ordered by patient 830 

along the vertical axis. B1C1 is the control, subcultured from B1, and contains no flexible 831 

genome variation. The horizontal axis is ordered by hierarchical clustering, yielding four clusters: 832 

A, B, C and D. The taxonomic affiliation of each gene family (best BLAST hit) is indicated with 833 

red dots above the heatmap.  834 
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Fig 3. Bayesian phylogenic tree of 35 V. cholerae genotypes sampled over three years in 842 

Bangladesh and Haiti. The maximum clade credibility tree represents the genealogy of 843 

sequences in the study, reconstructed from concatenated hqSNPs, using BEAST. Colored 844 

squares (shades of blue and purple) represent the time-course isolates collected from 845 

Bangladeshi patients from March 2011 to December 2013 (one isolate per patient). Patients for 846 

whom we measured intra-host variation (B1-B5 and H1-H3) are shown as circles. Filled circles 847 

indicate the putative ancestral genotype, and empty circles indicate putatively derived iSNVs. 848 

The median node age and divergence date in months and years are indicated at the nodes. The 849 

blue bars represent the 95% HPD intervals for divergence time estimates, and posterior 850 

probabilities are represented on the branches.   851 

 852 

 853 

 854 

 855 

2011 2012 2013 Patients
B1 B2 B3 B4 B5 H1 H2 H3

BGD-A

Haiti

BGD-B

10/2013

10/2013

11/2013

10/2013

05/2011

07/2010

2006

1999

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted July 28, 2017. ; https://doi.org/10.1101/169292doi: bioRxiv preprint 

https://doi.org/10.1101/169292
http://creativecommons.org/licenses/by-nc-nd/4.0/


 41 

 856 

Fig 4. Significant excess of non-synonymous iSNVs in patient H1. (A) Distribution of 122 V. 857 
cholerae strains containing different categories of iSNVs (I: intergenic; S: synonymous; Nsyn: 858 
non-synonymous) or no detectable iSNVs, according to geographic region (BGD: Bangladesh; 859 
HTI: Haiti). Patients from Haiti have a significant excess of Nsyn iSNVs (red; p≤0.01; 10,000 860 
random permutations of strains among regions). (B) Distribution of 122 V. cholerae strains 861 
containing different iSNVs, or no detectable iSNVs, by patient. Patient H1 has a significant 862 
excess of strains with Nsyn iSNVs (p≤0.001; 10,000 random permutations of strains among 863 
patients). 864 
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Fig 5. Biofilm formation of strains from patients H1 and H2. Optical density was measured 867 

for four to 12 replicates of each strain, after 48h of growth at 30°C. Statistical comparisons were 868 

made using a non-parametric Mann-Whitney test (*P < 0.05, ***P < 0.0001). Circles represent 869 

genomes with either variation in gene content (dark triangle) or iSNV variation (cross). (a) 870 

Strains from patient H1. Isolate H1C1 represents the ancestral genotype, H1C4 has a 871 

nonsynonymous mutation in a transcriptional regulator gene, and H1C5 and H1C6 have different 872 

nonsynonymous mutations in the same gene, the histidine kinase gene. (b) Strains from patient 873 

H2. Isolate H2C5 represents the ancestral genotype, with no variation in the gene content, and 874 

H2C3 harbors a plasmid. RBM is a biofilm knockout strain, and LB and saline are negative 875 

controls.  876 
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Tables 879 
Table 1. Nucleotide and amino acid changes identified in the V. cholerae core genome.  880 

Region Type Strains Reference 
nucleotide 

Alternative 
nucleotide 

NS/S Reference 
amino acid 

Alternative 
amino 
acid 

Gene annotation Patient 
allele 
frequency 

Bangladesh iSNV B1C19 G A intergenic - - - 1/19 

Bangladesh iSNV B4C12 G A S D D RNA polymerase 
sigma factor 

1/17 

Bangladesh iSNV B5C11 A C S V V toxin co-regulated 
pilus biosynthesis 

protein F 

1/20 

Haiti iSNV H1C5 C A NS R L sensor histidine 
kinase 

 

1/9 

Haiti iSNV H1C4     
H1C8 

C T NS R H TetR family 
transcriptional 

regulator 
 

2/9 

Haiti iSNV H1C6 C A NS R L sensor histidine 
kinase 

1/9 

Bangladesh Patient B2 + B3 A G intergenic - - - 20/20 
20/20 

Bangladesh Patient B4 G A NS G R TatD family 
hydrolase 

17/17 
 

Bangladesh Patient B4 G T NS A T hypothetical 
protein 

 

17/17 

Bangladesh Patient B2 + B3 C T intergenic - - - 20/20 
20/20 

Bangladesh Patient B4 G A intergenic - - - 17/17 

Bangladesh Patient B4 C T NS P L PTS system 
mannitol-specific 

EIICBA 
component 

17/17 

Bangladesh Patient B2 + B3 C T NS P S LacI family 
transcription 

regulator 
 

20/20 
20/20 

Bangladesh Patient B1 + B5 A G N A V bifunctional purine 
biosynthesis 
protein PurH 

 

19/19 
20/20 

Mutations segregating within patients are denoted iSNVs; Mutations fixed between patients are 881 

denoted 'Patient.' Patient allele frequency shows the allele frequency of the alternative (minor) 882 

allele. NS=nonsynonymous; S=synonymous. 883 
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Table 2. Flexible gene content variation within and between patients.  884 

Patients 
#genes fixed within 

patients 

#genes variable within 

patients  
#singletons 

B1 111 11 5 

B2 61 35 0 

B3 61 51 0 

B4 61 49 0 

B5 111 5 0 

H1 14 68 0 

H2 14 103 25 

H3 14 63 0 

Singletons are defined as genes only found in one strain, and are also counted as variable 885 

genes within patients. Genes fixed within patients are present in all isolates from a patient, but 886 

are absent in at least one other isolate in the study. 887 

 888 

Table 3. McDonald-Kreitman test for differential selection within and between patients.  889 

 Bangladesh Haiti 

Population Nsyn. Syn. Nsyn. Syn. 

Polymorphic (within patient) 0 2 3 0 

Fixed (between patients) 5 0 0 0 

  Fisher exact test, p = 0.048 Fisher exact test, p = 1 

Counts of non-synonymous (Nsyn.) and synonymous (Syn) polymorphic sites (within patient 890 

iSNVs) and fixed sites (between patients) for Bangladeshi and Haitian patients. 891 

 892 

  893 
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