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ABSTRACT The devastating Haitian cholera outbreak that began in October 2010 is the first known cholera epidemic in this is-
land nation. Epidemiological and genomic data have provided strong evidence that United Nations security forces from Nepal
introduced toxigenic Vibrio cholerae O1, the cause of epidemic cholera, to Haiti shortly before the outbreak arose. However,
some have contended that indigenous V. cholerae contributed to the outbreak. In a recent paper (mBio 4:¢00398-13, 2013), L. S.
Katz et al. explored the nature and rate of changes in this ancient pathogen’s genome during an outbreak, based on whole-
genome sequencing of 23 Haitian V. cholerae clinical isolates obtained over a 20-month period. Notably, they detected point mu-
tations, deletions, and inversions but found no insertion of horizontally transmitted DNA, arguing strongly against the idea that
autochthonous V. cholerae donated DNA to the outbreak strain. Furthermore, they found that Haitian epidemic V. cholerae
isolates were virtually untransformable. Comparative genomic analyses revealed that the Haitian isolates were nearly identical to
isolates from Nepal and that the Nepalese-Haitian isolates were distinguishable from isolates circulating elsewhere in the world.
Reconstruction of the phylogeny of the Haitian isolates was consistent with a single introduction of V. cholerae to Haiti some-
time between late July and late October 2010, dates remarkably concordant with epidemiological observations. In aggregate, this

paper provides additional compelling evidence that the V. cholerae strain responsible for the Haitian cholera epidemic came
from Nepal and illustrates the power of whole-genome-based analyses for epidemiology, pathogen evolution, and forensics.

During the last 2 centuries, cholera has spread from the Indian
subcontinent to cause seven global pandemics, during which this
rapidly dehydrating diarrheal disease has killed millions in Asia,
Africa, Europe, and the Americas. How has cholera toxin-
producing Vibrio cholerae serogroup O1, the cause of the sixth and
ongoing seventh cholera pandemics, spread from continent to
continent? Remarkably, John Snow, who founded modern epide-
miology with his groundbreaking analyses of the spread of cholera
in London in the late 1840s and 1850s (3 decades before Koch’s
discovery of V. cholerae in 1883), provided the answer. He noticed
that the first case of cholera in 1848 in London, which had been
free of the disease for several years, occurred in a seaman from
Hamburg, a city that had recently experienced a large cholera
outbreak. To Snow, the conclusion was clear: the causative agent
of cholera was transported from Germany to England by the in-
fected seaman (1). His hypothesis that contamination of the local
environment by this sick seaman caused the outbreak provided a
controversial but ultimately compelling alternative to the miasma
theory of cholera transmission, the predominant model at the
time, which linked disease to the noxious air of unsanitary spaces.

In subsequent years, the sixth and ongoing seventh cholera
pandemics have wreaked havoc in the Americas, but there is no
reported history of cholera in Haiti until 2010 (2). However, an
earthquake in January 2010 severely damaged the already mar-
ginal Haitian public sanitation system, creating ideal conditions
for the spread of the disease following its introduction. The extent
of the outbreak has been devastating. Since the first cholera cases
were recognized in October 2010, nearly 8,200 cholera deaths and
more than 668,000 cholera cases (almost 7% of the population)
have been reported by the Haitian Ministry of Public Health (http:
/Iwww.mspp.gouv.ht/site/index.php). Despite compelling epide-
miological and genomic evidence linking United Nations security
forces from Nepal to the introduction of cholera to Haiti (3-5),
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questions have been raised about the role of autochthonous
V. cholerae strains in triggering the Haitian cholera outbreak and
serving as a source of horizontally transmitted genetic material
that was incorporated into the initial outbreak strain (6, 7). Given
questions about accountability for the outbreak and the possible
associated legal ramifications (see http://www.law.yale.edu/news
/17237 .htm), new insights into this controversy will be welcomed
by scientists and lay persons alike.

In a recent mBio paper, Katz et al. used whole-genome-based
analyses to investigate the nature and pace of genomic changes in
a series of V. cholerae O1 isolates from the ongoing Haitian epi-
demic (8). As the authors noted, the apparent single-source intro-
duction of V. cholerae O1 to Hispaniola provided “an unprece-
dented natural experiment for characterizing in detail the intrinsic
tempo and mode of genome evolution in this deadly pathogen.”
Their findings reinforce the evidence that the Haitian outbreak
began after the introduction of a V. cholerae O1 strain from Nepal,
argue convincingly against the idea that indigenous V. cholerae
contributed to the genome of the outbreak strain, provide insights
into the evolution of this ancient pathogen, and demonstrate the
enormous power and utility that whole-genome-based investiga-
tions can bring to epidemiology and forensics.

The authors sequenced 23 V. cholerae O1 genomes drawn from
over 20 months, 13 locations dispersed across Haiti, and multiple
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pulsed-field gel electrophoresis (PFGE) patterns. Comparisons of
these genomes with 108 V. cholerae genomes from other global
sources, including contemporaneous isolates from Thailand, Ban-
gladesh, Nepal, Cameroon, India, Pakistan, and Benin, demon-
strated not only that the Haitian isolates were nearly identical to
isolates from Nepal but also that the Nepal-Haiti isolates were
clearly distinct from isolates circulating elsewhere in the world.
Notably, reconstruction of the phylogeny of the Haitian isolates
with a Bayesian coalescent model was consistent with a single in-
troduction of V. cholerae to Haiti sometime between 23 July and
17 October 2010, dates remarkably in keeping with epidemiolog-
ical findings of the beginnings of the cholera outbreak in Haiti (4).
Although the authors did not extend their model to include the
three closely related isolates from Nepal, the very few single-
nucleotide polymorphisms (SNPs) separating the Haiti and Nepal
isolates (as shown in Fig. 1 [and Fig. S4 in the supplemental ma-
terial] of reference 8) suggest that the two sets of isolates diverged
very shortly before the estimated date of introduction into Haiti, a
narrow window of time that further fastens the link of transmis-
sion of cholera from Nepal to Haiti.

The SNP-based phylogenetic reconstruction offers a frame-
work for understanding V. cholerae evolution over this short time
span. This reconstruction is built on SNPs determined by map-
ping reads to a reference genome and therefore is based on regions
of the genome that reflect shared descent. To characterize larger-
scale genome variation, the authors compare gene content and
detect rearrangements by using de novo assemblies. These analyses
revealed several independent deletions and inversions within
SXT, a mobile genetic element that contains most of the genes that
confer antibiotic resistance on V. cholerae (9). The observations of
deletions and inversions may also explain the variations among
the PFGE patterns of these strains, as well as phenotypic variations
in antibiotic susceptibility. The notable absence of insertions from
the sequenced genomes firmly establishes that horizontal gene
transfer from indigenous V. cholerae did not introduce novel ge-
netic elements into the genome of the outbreak strain, contrary to
arecent hypothesis (6). Furthermore, the authors found that out-
break isolates were virtually untransformable, perhaps explaining
the absence of DNA from environmental organisms.

The work by Katz and coauthors adds to a growing body of
work that explores the power and utility of pathogen population
genomics in elucidating the origins and dynamics of outbreaks
(10). A key issue facing investigators who use this approach to
study outbreaks is determining the ideal sampling strategy that
can provide statistically robust answers while also being cost-
effective. While the continuing decline in sequencing costs is mak-
ing monetary considerations less important, the collection of clin-
ical microbiological isolates and their storage and processing for
sequencing remain nonstandard and still require considerable fi-
nancial support. What prior knowledge is needed to devise ratio-
nal, evidence-based sampling strategies that provide sufficient
power to test hypotheses about the origins of an outbreak? An-
swers may be outbreak or pathogen specific and may require in-
tegration of transmission modeling, considering, for example, the
impact of the mode of transmission on the ideal sampling method.
One important aid to devising sampling strategies may come from
published estimates of molecular clock rates (see reference 11 for
an estimate for V. cholerae). We anticipate that these rates may
establish a starting point for making inferences about the history
of a pathogen population from its diversity. It will be important to
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test the assumption that the molecular clock for a given species
remains relatively stable across niches and lineages. Additionally,
public databases with pathogen genome sequences and associated
metadata (epidemiological and demographic information associ-
ated with the sequences) broaden the range of questions and pro-
vide a historical set of samples with which to compare data or
integrate them into an analysis, as done by Katz and colleagues.

The rapid expansion of microbial genome sequences in public
databases raises another critical point—the importance of stan-
dardization of genome sequence data, annotation, and analysis.
Quality metrics are needed so that results can be compared and
data readily imported from one study into another. For example,
Katz et al. refer to “high-quality SNPs,” presumably to distinguish
them from those derived from less stringent SNP-calling thresh-
olds and to emphasize the low likelihood of false-positive SNPs.
Ideally, study-specific methods of SNP calling and quality assess-
ment should be replaced with rigorous methods yielding repro-
ducible results that account for varying sequencing and analytic
platforms and study quality (12).

The ongoing revolution in DNA sequencing technology is ush-
ering in a new era of whole-genome-based molecular epidemiol-
ogy. Coupled with the adoption of standards that permit rigorous
cross-study analyses and the development and implementation of
sophisticated statistical methods, these new technologies will
transform our ability to understand microbial evolution and epi-
demics and ultimately to create improved public health interven-
tions. For cholera in particular, we can take advantage of the
power of these new methods to address a fundamental question:
are humans always involved in the spread of this ancient disease
over great distances (such as between continents)? If so, such a
conclusion has profound implications for our ability to eliminate
this ancient scourge from our planet with appropriate interven-
tions.
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