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Vibrio cholerae has caused seven cholera pandemics since 1817, im-
posing terror on much of the world, but bacterial strains are cur-
rently only available for the sixth and seventh pandemics. The El Tor
biotype seventh pandemic began in 1961 in Indonesia, but did not
originate directly from the classical biotype sixth-pandemic strain.
Previous studies focused mainly on the spread of the seventh pan-
demic after 1970. Here, we analyze in unprecedented detail the
origin, evolution, and transition to pandemicity of the seventh-pan-
demic strain. We used high-resolution comparative genomic analysis
of strains collected from 1930 to 1964, covering the evolution from
the first available El Tor biotype strain to the start of the seventh
pandemic. We define six stages leading to the pandemic strain and
reveal all key events. The seventh pandemic originated from a non-
pathogenic strain in the Middle East, first observed in 1897. It sub-
sequently underwent explosive diversification, including the
spawning of the pandemic lineage. This rapid diversification sug-
gests that, when first observed, the strain had only recently arrived
in the Middle East, possibly from the Asian homeland of cholera. The
lineage migrated to Makassar, Indonesia, where it gained the impor-
tant virulence-associated elements Vibrio seventh pandemic island
1 (VSP-I), VSP-II, and El Tor type cholera toxin prophage by 1954, and
it then became pandemic in 1961 after only 12 additional mutations.
Our data indicate that specific niches in the Middle East and Makas-
sar were important in generating the pandemic strain by providing
gene sources and the driving forces for genetic events.
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he bacterium Vibrio cholerae is the causative agent of cholera,

a severe and potentially life-threatening diarrheal disease
that is of considerable public health concern because of its high
morbidity and mortality. There have been seven cholera pan-
demics since 1817, and all continents except Antarctica have had
significant or major incursions by one or more of them (1). As
early as 1866, an intergovernmental meeting on cholera was held
to develop measures for control, making V. cholerae one of the
first infectious pathogens subject to inspection and quarantine.
The current seventh pandemic began in 1961 in Makassar,
Sulawesi, Indonesia, and continues to be a major health problem,
with an estimated 3 million to 5 million cases of infection every
year (2), including recent outbreaks in Haiti and Zimbabwe. The
outbreak in Haiti after the 2010 earthquake infected nearly
700,000 people and has caused >8,500 deaths (3). In the 2008
Zimbabwe epidemic, >90,000 suspected cholera cases were
reported, with >4,000 of these patients dying (4). Cholera is
characterized by an extreme form of watery diarrhea, which
causes dehydration that can be lethal. The major virulence fac-
tors are the TcpA pilus for attachment of bacteria to the in-
testinal epithelium and the cholera toxin (CTX), which is
released and then enters epithelial cells, where it induces se-
cretion of the water and salts that are the major component of
the stools. The disease and virulence factors have been reviewed
many times, and we suggest Harris et al. as suitable background
for this paper (5).
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V. cholerae strains are serogrouped based on their poly-
saccharide O antigens, and >200 serogroups have been identified
to date (6). However, most of the serogroup diversity is in
nonpathogenic environmental strains, and all pandemic strains
have been from a serogroup O1 clone or a serogroup O139
variant. Serogroup Ol strains are further classified into two
biotypes: “classical” (the biotype of the organisms first identified
as causing cholera) and “El Tor” (named after the El Tor
quarantine station in Egypt, where a strain of this biotype was
first isolated in ~1900). The two biotypes are usually distin-
guished according to the presence of hemolysin and the presence
of the acetoin fermentation pathway, both of which are charac-
teristic of El Tor strains. Only strains from the sixth (1899-1923)
and seventh (1961 to present) pandemics have been available for
modern scientific study. The sixth pandemic was caused by
classical biotype strains, whereas the ongoing seventh pandemic
was caused by El Tor biotype strains. Strains from the fifth
pandemic were shown to be of the classical biotype, but no live
strains remain. Additionally, a second pandemic genome se-
quence from a preserved human intestine grouped with sixth-
pandemic strains in a phylogenetic tree (7), indicating that all but
the seventh pandemic were caused by a single lineage of classical
biotype. Although the currently available seventh- and sixth-
pandemic strains share a common ancestor, we have shown that
the seventh-pandemic strain did not originate directly from the
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sixth-pandemic strain (8). Note that we are using the word strain
for two generally accepted meanings: (i) the progeny of a single
cell, usually first isolated as a colony (examples being “strain
N16961” and “seventh pandemic strains”) and (i) a lineage that
occurs in nature (examples being “seventh pandemic strain” and
“sixth pandemic strain”). The meaning can be deduced from
the context.

Long before the seventh pandemic started in 1961, El Tor
biotype strains from two small areas had been reported, com-
monly referred to as Middle East and Makassar strains and
collectively as preseventh pandemic (or prepandemic) strains
(9). The Middle East strains, which were isolated from Mecca,
Saudi Arabia, and adjacent areas extending into Egypt and Iraq,
were observed and studied from 1897 to 1938 (10-14) (see SI
Text for details and sources). These strains were found in human
intestines, but they were nonpathogenic because they did not
cause disease or any symptoms and therefore were not subject to
quarantine. It is interesting that in the period spanning from
1897 to 1938, as reported by Abdoelrachman (10), these strains
were commonly found in human intestines, but no cases of
cholera were reported because people found carrying these
strains were not held in quarantine stations (SI Text). The
Middle East strains that were used in the only paper published at
that time (15) are no longer available (16), but some later Middle
East strains remain and are included in this study. There were
four cholera outbreaks caused by El Tor strains between 1937
and 1957 within ~150 km of the town of Makassar in the island
of Sulawesi, Indonesia. The disease caused by these Makassar
strains resembled true cholera in severity and mortality, but
lacked the capacity to spread effectively (17, 18) and was there-
fore distinguished from the then active sixth pandemic disease
through the designation “paracholera” (17-19). This distinction
was critical because individuals with cholera were subjected to
quarantine, whereas those with paracholera were not (20).

A multilocus sequence typing (MLST) analysis using 26 house-
keeping genes (9), including two Middle East strains [National
Collection of Type Cultures 9420 (NCTC9420) and NCTC5395]
and one Makassar strain (M66-2), and a genomics analysis in-
volving one Makassar strain (M66-2) (8) both showed that those
prepandemic strains branch from the lineage of El Tor biotype
seventh-pandemic strains and therefore represent important pre-
cursors of the seventh-pandemic strain. In 1960, an outbreak of
cholera caused by an El Tor strain occurred in Makassar (18)
and spread overseas in 1961 (21), indicating that the El Tor
strain had evolved to pandemic spread capacity and making 1961
the recognized start of the seventh cholera pandemic. In 1962,
the World Health Organization (WHO) decided that, from then
on, disease caused by El Tor strains should be considered chol-
era, and El Tor strains were subjected to the same controls as the
sixth-pandemic strains (21). The seventh pandemic continues to
this day, and, interestingly, there are also occasional outbreaks
caused by prepandemic-related strains, which are more closely
related to prepandemic strains than to seventh-pandemic strains
in MLST analysis (9). The best-known examples of such out-
breaks are the 1970s and 1980s outbreaks in the US Gulf of
Carpentaria and Australia.

The phylogeny and epidemiology of the seventh pandemic
have been exhaustively investigated, and a recent study that used
genomic sequence analysis of >190 seventh-pandemic strains
showed that the seventh pandemic is monophyletic and has
spread around the world in at least three independent waves
(22). The patterns of change in individual genes in the pandemic
period have also been reviewed and show that change is ongoing,
perhaps in relation to human immune responses (23).

Although there have been seven cholera pandemics since
1817, only seventh-pandemic strains and a few sixth-pandemic
and pre-seventh-pandemic strains are currently available. The
available pre-seventh-pandemic strains from the Middle East and
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Makassar, as well as the currently available seventh-pandemic
strains, together provide an excellent opportunity for understanding
how the seventh-pandemic strain originated. However, studies fo-
cused on these strains are currently rather limited. We previously
used a complete genome sequence of one of them (M66-2) to
identify some of the events that occurred on the pathway to the
seventh-pandemic strain (8). However, for the six other available
prepandemic strains, only three draft genome sequences (for A6,
MAK?757, and NCTC8457) have been reported. In addition, studies
on the seventh pandemic itself have focused on strains isolated after
1970 (22, 24), and there were no full genome sequences of seventh-
pandemic strains isolated in the first 10 y of the pandemic. Thus, the
roles played by the Middle East and Makassar strains in the evo-
lution of the seventh-pandemic strain remain unknown, as well as
the many evolutionary events that occurred over the 60-y period
from the first observations of El Tor strains in the Middle East
through the prepandemic outbreaks in Makassar to the start of the
seventh pandemic. The genetic and environmental factors that
promoted the generation of the seventh-pandemic strain and the
evolutionary relationships among those prepandemic strains in the
Middle East and Makassar also remain unclear.

To clarify the origins of the seventh-pandemic strain and the
transition from the sixth to the seventh pandemic, we obtained
complete genome sequences of 10 strains, including 3 prepan-
demic strains and 4 very early seventh-pandemic strains, using
PacBio sequencing technologies. We also included three of the
prepandemic-related strains, because they appear to have di-
verged independently from the seventh pandemic path during
the prepandemic period (9) and the details of their relationships
with other prepandemic strains could be very revealing. We
constructed a high-resolution phylogenic tree of the seventh
pandemic lineage based mostly on full genome sequences and
were able to allocate mutations, recombination events, and
indels to specific branches of the tree to create a near-complete
picture of the genetic changes that have occurred on each
branch.

This phylogenic tree and historical records of cholera epide-
miology and related social history allowed us to define six evo-
lutionary stages leading to the seventh-pandemic strain from a
nonpathogenic strain over the 60-y period. They showed that the
nonpathogenic prepandemic Middle Eastern El Tor strains un-
derwent an explosive expansion starting in or before the 1890s,
and this expansion spawned the lineage that evolved to become
the seventh-pandemic strain. This rapid diversification suggests
that the El Tor strain had not been in the region long —it was
possibly carried there from the Asian homeland of pandemic
cholera by pilgrims. The main lineage gained the El Tor form of
the tcpA gene and the classical type CTX (CTX“') prophage in
the Middle East and became pathogenic in ~1908. The lineage
then migrated from the Middle East to Makassar. The Makassar
period was a critical stage for the main lineage, leading to
the development of the pandemic strain, because between 1925
and 1954, it acquired the Vibrio seventh pandemic I (VSP-I) and
VSP-1II islands, associated with the seventh pandemic, and
replaced the CTX™ prophage with the El Tor type CTX
(CTXET) prophage, which can be distinguished from the CTX"?
prophage primarily by the genotypes of the ctxB and rstR genes
within the prophage (19). These elements were essential for the
transition from the prepandemic strain to the seventh-pandemic
strain, because they are absent in all prepandemic-related strains
from the United States, Australia, and China, none of which
have developed the ability to cause pandemic cholera. After
gaining only 12 mutations within its last branch in Makassar,
estimated to cover the period from 1954 to 1960, the main
lineage exhibited high spread capability and erupted as the
seventh-pandemic strain in 1961. We also found a high recom-
bination frequency in the prepandemic period that declined to
become negligible as pathogenicity developed, which is probably
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due to changes of niche while following the Asian homeland-
Middle East-Makassar migration pathway of the lineage.

Results and Discussion

Choice of Strains and Genome Sequences. Genomic analysis of the
prepandemic and early seventh-pandemic strains is essential for
understanding the origins of the seventh pandemic and identi-
fying key genetic events involved in the transition from prepan-
demic to seventh-pandemic strains in this critical period. Seven
prepandemic strains are available, but there are only four ge-
nome sequences, of which only one is a complete sequence, with
the others being draft genome sequences (Table S1). In this
study, we obtained the complete genome sequences of an addi-
tional three prepandemic strains (two Middle East and one
Makassar strains), plus four early (1961-1964) seventh-pandemic
strains, which are the only complete genomes available for sev-
enth-pandemic strains isolated during the first decade of the
pandemic (1961-1970) (Table S1). We also obtained complete
genome sequences of three prepandemic-related strains, isolated
from the US Gulf (in 1974), Australia (in 1977), and China (in
1974) (Table S1). These prepandemic-related strains can cause
cholera and have even been responsible for small outbreaks, but
they did not further evolve to become pandemic. However, in-
clusion of these prepandemic-related strains facilitated the
identification of genetic events that are critical for the patho-
genicity and pandemicity of the seventh-pandemic strain, as well
as the allocation of those events to specific branches on the
phylogenetic tree (Stage 3 and Stage 5). The final tree enabled
genetic events on the pathway from the first identified El Tor
strains to the outbreak of the seventh pandemic to be allocated
to six stages, giving the order for the critical events that occurred
in the evolution of the seventh pandemic. The additional strains
also improved estimates of the time frame for these stages in the
transition from the nonpathogenic form to the seventh-pandemic
strain (see below).

Identification of Mutations, Recombination Events, and Indels and
Allocation to Branches. Because there are so few remaining pre-
pandemic, prepandemic-related, and early seventh-pandemic
strains, we used various strategies to obtain as much information
as possible from the sequence data. In particular, we optimized
attribution of each single nucleotide polymorphism (SNP)
to either a mutation or a recombination event (Materials and
Methods) and used only mutational SNPs to construct an accu-
rate phylogenetic tree; we also used these SNPs to estimate the
timeframe for each evolutionary stage.

For phylogenetic analysis, in addition to the 10 complete ge-
nomes obtained in this study, we included 11 published genome
sequences, comprising 5 of the 6 mostly draft genome sequences
of prepandemic and prepandemic-related strains, as well as
complete sequences of 6 seventh-pandemic strains isolated from
1975 to 2004 to represent the three waves of the seventh pan-
demic (Table S1). We did not include the sequence of strain A6,
because it appears to be the same as strain C5, but under a
different name. Note that details of the isolation and storage of
strain C5 are given by Teppema et al. (25).

We used the 3,670,626 bp present in the 21 genomes for pri-
mary analysis and found 238 recombination events, all with do-
nors from outside of the seventh pandemic lineage (Dataset S1).
A total of 999 SNPs were attributed to mutations (Dataset S1),
and these were used to generate a high-resolution phylogenetic
tree (Fig. 1 and Fig. S1) that was rooted by using the sixth-
pandemic strain O395. Of the 999 mutational SNPs, 958 (95.9%)
are congruent with the tree, indicating the high robustness of the
tree. The mutation and recombination events were then allo-
cated to specific branches of the tree, as shown in Fig. 1 and Fig.
S1. We then identified indels by examining the sequences for
segments not shared by all genomes and found 102 major indels
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(>500 bp) (Dataset S1). To extend the data for the branches
leading to the seventh-pandemic strain, we selected eight full
genome sequences for separate analysis, covering the 3,794,564
bp shared by the eight strains, an increase of 123,938 bp in data
for these branches. The indels present in the seven ribosomal
RNA loci, the CTX region on the large chromosome, and the
large integron were sometimes complex (8), and we were not
able to define these as discrete events, so they were not generally
included at this stage. These comprised most of the sequences
still not included in the analysis, and we examined the individual
genomes to complete the identification of all mutational, re-
combination, and indel events on key branches 2, 6, 10, 18, 19,
and 22, which cover the transition of the prepandemic strain into
the seventh-pandemic strain (Fig. 2 and Fig. S2). For further
details, see Materials and Methods. Another major advantage of
the complete genomes obtained in this study is that the muta-
tional SNPs are reliable, even in terminal branches, in which
each SNP has been observed only in that strain. When using the
draft genome sequences with low coverage, the large number
of SNPs because of sequencing error can seriously distort the
mutation number in the terminal branch leading to that
genome, and the five branches affected are shown by the dotted
lines in Fig. 1.

We used the mutational SNPs and the BEAST program
(26) to estimate the dates for branching at the nodes. For this
estimation, we used only data that were suitable for sequence
quality assessment, and on this basis we excluded strains
MAKT757, NCTC8457, BX330286, and 2740-80. The data from
strain NCTC9420 were also excluded, because there is a frame-
shift mutation in the mutator gene mutS. The tree as first gen-
erated (Fig. S3) had E9120, the first seventh-pandemic strain
isolated in 1961, diverging from the ongoing seventh pandemic
lineage in 1955, which is very similar to the date obtained by
Mutreja et al. (22). However, this date is not consistent with the
historical record (see below). We therefore constrained the tree
to reflect historical observations by imposing the condition that
divergence of strain E9120 occurred in 1960 (see discussion in
Stage 6), and the dates for nodes directly related to that event
were revised accordingly (Fig. 1 and Fig. S1).

Six Stages in the Formation of the Seventh Pandemic Strain. The
phylogenetic tree clearly distinguishes six stages in the evolution
of the seventh-pandemic strain (Figs. 2 and 3). Most branches on
the tree can be allocated to geographic regions based on the
isolation locations shown in Fig. 1, and a geographic represen-
tation of the data is shown in Fig. 3. The phylogenetic analysis
allocated genetic events to specific branches of the tree, based on
the distribution among the strains of mutations, recombinant
DNA, and genes gained or lost. Some genetic events thought to
be important in the evolution of the seventh pandemic strain are
shown above the bar at the top of Fig. 2.

Stage 1. Stage 1 (branch 0) covers the long period from the di-
vergence of the sixth- and seventh-pandemic strains, which
probably occurred in South and East Asia (Stage 2), through the
first observation of the El Tor strain in the Middle East in 1897
(11) to ~1902. Because no strains are available, we have no di-
rect knowledge of the lineage over this period.

Stage 2. Stage 2 (branch 2) covers a very short period (1902-1903)
in the Middle East, during which nonpathogenic Middle East
strains underwent rapid diversification and gained the EI Tor
form of the fcpA gene.

The clustering of the Middle East strains at the base of the
tree (Figs. 1 and 2 and Fig. S1) is in agreement with results of
previous studies (9, 22, 24), and the very short length of branch 2
makes it virtually certain that the strains along this branch were
in the Middle East, in agreement with the location for the first
observations of the El Tor strain. A large number of pilgrims
travel to the Middle East during the annual Haj in Mecca, and
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there is a significant possibility that cholera carried by these
pilgrims to Mecca could spread into neighboring countries (S/
Text). Thus, government facilities were established to monitor
the presence of cholera in people entering Egypt or Iraq from
Saudi Arabia after the Haj in Mecca, including at El Tor on the
Red Sea for travel to Egypt (27). The Middle East strains used in
this study were isolated by these facilities.

During stage 2, there was explosive diversification, as shown by
the complete absence of SNPs on branch 2, on which the lineage
to strain NCTC9420, isolated in Cairo (Egypt), diverged from
the lineage to strains isolated in El Tor (Egypt) (NCTC8457) and
Baghdad (Iraq) (NCTC5395). This divergence occurred over an
estimated 50-y period. If these strains had evolved from a pop-
ulation that had been resident in the region for many years, the
chance of observing a branch with no SNPs is negligible. This
finding indicates that their most recent common ancestor
(MRCA) in ~1902, and thus a representative of oldest known
precursor of the seventh-pandemic strain, is not from a long-
established form, but rather is a new strain that had arrived in
the Middle East from elsewhere or, alternatively, had undergone
a genetic change that enabled it to replace preexisting forms in a
selective sweep (28). We suggest that the former is more likely,
because Mecca was recognized in the 1850s as a source of
cholera, leading to the establishment of quarantine and moni-
toring of facilities in the region. Another reason is that the El
Tor strain is clearly related to the classical biotype strains of the
sixth-pandemic (1899-1923) and earlier pandemic strains (29),
which are thought to have arisen in South Asia (29). It seems
most likely that the major divergence of the El Tor and classical

Start of the 7" pandemic 51985

Six stages to the 7" pandemic

biotype strains occurred in South Asia, before the El Tor strain
was carried to Mecca, perhaps by pilgrims, and having become
established there, was then carried to El Tor and other areas in
the Middle East by pilgrims.

The date of the MRCA of the three Middle East strains
(NCTC9420, NCTC8457, and NCTC5395) was estimated to be
1902, which is consistent with El Tor strains being first observed
in the Middle East in 1897 (11). There is very strong evidence
that the three strains used in this study were nonpathogenic
(SI Text). Thus, we suggest that they are representatives of
the nonpathogenic El Tor strain first reported by Gotschlich in
1906 (15).

The major event occurring in stage 2 was the recombination-
mediated replacement of the tcpA gene in the Vibrio pathoge-
nicity island, gaining what is known as the El Tor form of TcpA,
which forms the pilus that attaches pandemic V. cholerae or-
ganisms to the small intestine (30) and is also the receptor for
infection of the bacterium by a CTX phage (31). There is con-
siderable variation in fcpA genes, which were divided into 12
clusters in a recent paper (32). Based on the phylogenetic rela-
tionships described in that paper, the tcpA genes in Middle East
strains NCTC8457 and NCTC5395 belong to cluster 9, together
with those from the serogroup O115 and O141 outbreak strains.
However, the El Tor form of TcpA, present in the Middle East
strain NCTC9420 and all other prepandemic, prepandemic-re-
lated, and also early seventh-pandemic strains (33), belongs to
cluster 4 (the sixth pandemic fcpA gene is in cluster 1). The O141
outbreak strain has been reported globally, but it is not closely
related to the lineage harboring the sixth- and seventh-pandemic
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Fig. 1. The maximum-likelihood phylogenetic tree of 21 V. cholerae strains based on mutational differences after excluding recombination events. This is a

traditional tree that was rooted using the sixth-pandemic strain 0395. The branches corresponding to the six stages in the evolution of the seventh pandemic
are colored in violet. The branching data were estimated by BEAST (median value) and are shown at the nodes. The lengths of the branches correspond to the
times between divergence from MRCA and isolation. Genetic events (mutation, insertion, deletion, and recombination) were allocated to and shown on
specific branches. The MAK757, NCTC8457, BX330286, and 2740-80 branches are shown by dotted lines and were not included in BEAST for analysis because
of the lack of suitable-quality sequence data, and the dates for their divergence from MRCA were predicted based on the SNP allocations of strains M66-2,
NCTC5395, M2140, and E506, respectively. The strain NCTC9420 carried a mutator gene, and there is no SNP on branch 0, which is the outermost branch of the
tree; therefore, both of these branches are also shown by dotted lines. The branches representing the evolutionary stages that occurred in the Middle East
and Makassar are enclosed in boxes. See Fig. S1 for a tree with genetic events allocated to branches.
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Fig. 2. Details of the six stages leading to the seventh-pandemic strain. The stages on the path to the seventh-pandemic strain are shown in the horizontal
bar, which comprises the branches shown in violet in Fig. 1. The branches to the prepandemic and prepandemic-related strains that demarcate the stages are
shown below the bar, with details of genetic events given on each branch.

strains (34). Although there are still no data on the colonization
differences related to differences in TcpA structure, we suggest
that this change between the two different forms of the tcpA gene
in stage 2 may well have been critical for the development of
pathogenicity in the seventh-pandemic strain, although this gene-
replacement event was clearly not needed for human coloniza-
tion because all strains were isolated from humans.

We also suggest that the cluster 9 TcpA pilus plays a role in
the longer period of colonization of the major Middle East
strain. The incubation period for seventh-pandemic strains in
humans can range from several hours to 5 d, and excretion of

BN AS - PNAS D)

organisms may continue for 1-2 wk. A very small minority may
continue to excrete the organism for longer periods of time (35).
The rapid termination of infection is presumably due to the
strong immune response observed (35). However, the Middle
East strains that were studied in government facilities were de-
tectable in human stools for ~5 wk after the pilgrims left Mecca
(11). It is probable that these strains interact with the human
host very differently than pandemic strains, because they do not
cause the characteristic watery diarrhea, and their colonization
lasted much longer than the normal 2-wk maximum. The details
of the colonization process that occurs through attachment to

Stage 1
Migration of ancestor of 7! pandemic,
that had diverged long ago from the
classical biotype lineage

i - .
Isolates in USA from 1973 ] ‘,"I 1960 isolate in China
Middie East it
- El Tor
~
= o~ — /iMecka Bengaly : }"’ ! Stage 5 and Stage 6
— S~ P s N \ A 1Gaining genes and mutations;
Sl e, e s /7, for pandemicity,
v \ ! 34" 119251954 and 1954-1960__ |

Stage 2 and Stage 3
Gain of El Tor tcpA

1902-1903 and 1903-1908

and gain of CTX prophage,

Stage 4

1908-1925

i
i
Migration to Makassar,i
h
i

Fig. 3. Migration of prepandemic strains and the locations and stages in the evolution of the seventh-pandemic strain. Three important locations in the
origin and history of the seventh-pandemic strain are circled. The yellow line indicates the migration of the ancestral form; blue lines indicate migrations from
the Middle East; red lines indicate migrations from Makassar; green lines indicate the early spread of the seventh pandemic from Bengal; dotted lines indicate
the pathways of prepandemic-related strains to the US Gulf, Australia, and China. The six stages in the evolution of the seventh-pandemic strain are shown
in the labels. The date ranges given for transmission events, which are taken from BEAST analysis, are also shown, as well as the locations of the prepandemic-
related strains.
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epithelial cells have been better studied in other species, in
particular in Enteropathogencic Escherichia coli (EPEC) and the
Citrobacter rodentium mouse model of human EPEC, in which
colonization normally lasts 2-3 wk, during which the organisms
are attached to the surface of epithelial cells in the colon (36).
C. rodentium resembles V. cholerae (37) in its ability to elicit a
strong immune response during infection, which leads to clear-
ance of the infection (reviewed for C. rodentium in ref. 38).
Earlier work on C. rodentium (39) showed that, in otherwise
germ-free mice, the organisms can colonize for up to 6 wk (the
longest period tested). However, colonization of the epithelial
cell surface was limited to ~2 wk, which is attributed to the de-
velopment of the immune response (38). Long-term survival of
the bacteria was found only in the lumen and only occurred in
otherwise germ-free mice, showing that C. rodentium cannot
compete with normally commensal organisms (38). The 5-wk-
long persistence of the Middle East V. cholerae strain in the in-
testine (see above) suggests that this strain also occupies the
intestinal lumen, rather than attaching to epithelial cell surfaces,
as is typically the case during infection with V. cholerae. The
implication is that the Middle East V. cholerae strain is com-
petitive in the intestinal lumen, which would keep it clear of the
area normally kept free of colonization by the immune system. It
is clearly possible that these Middle East strains carried the
cluster 9 TcpA pilus as the TcpA pili in the sixth- and seventh-
pandemic strains are responsible for attachment to epithelial
cells (31), and this difference may well be important for long-
term survival of the Middle East strains. It may well be that the
strain gained the ability to colonize the human intestine in such a
commensal manner shortly before it was first detected in 1897
(SI Text), representing the first stage of the 60-y journey to the
seventh pandemic. However, it should also be noted that long-
term carriers of pandemic V. cholerae strains have been reported,
although they are extremely rare (35).

Stage 3. Stage 3 (branch 6) is attributed to the 5-y-period span-
ning from 1903 to 1908 in the Middle East, during which the
CTX* prophage was obtained, and the lineage probably be-
came pathogenic, spawning the seventh-pandemic lineage, al-
though no pathogenic strain was recorded at that time in the
Middle East. There are four mutations and four recombination
events on branch 6, continuing the rapid diversification in the
Middle East, by taking only 5 y to change from a nonpathogenic
but human-associated form, to the common ancestor of the main
lineage, which is next observed in Makassar, and the lineage to
the US Gulf prepandemic-related strain. These two lineages are
both pathogenic (Fig. 1) and carry the same CTX“" prophage.
This CTX™* prophage is also present in the Australian pre-
pandemic-related strain, which diverged from the Makassar 1937
outbreak strain. The CTX is responsible for the very watery di-
arrhea that is the hallmark of cholera, and we conclude that the
prepandemic lineage gained the CTX™ prophage and also be-
came pathogenic in stage 3. It is interesting that including se-
quences of US Gulf prepandemic-related strains in the analysis
enabled the gain of the CTX prophage to be confined to a
short period estimated to span from 1903 to 1908 (Fig. 1). It
should be noted that, after stage 3, almost all prepandemic and
prepandemic-related strains possess a CTX“" or CTX®" pro-
phage (Fig. S4), with the exceptions being strains 2740-80 and
M66-2, which must have lost it (8, 40). The CTX“™ prophage
found in the prepandemic strains is very similar to that found in
the sixth-pandemic strains, but its source within the Middle East
is not known.

Stage 4. Stage 4 (branch 10) covers the migration of pathogenic
prepandemic strains from the Middle East to Makassar and ends
with the divergence of the lineage causing the 1937 Makassar
outbreak. This branch is estimated to cover the period from 1908
to 1925.

Hu et al.

The entry into Makassar is arbitrarily located midway along

this branch (Figs. 1 and 2). There are 21 mutations and 12 re-
combination events allocated to the branch, each of which could
have occurred in either the Middle East or Makassar. However,
there are no indels recorded, and none of the mutations or re-
combination events involved genes known to be associated with
virulence. It should be noted that the divergence of the 1937
Makassar outbreak strains at the end of branch 10 in ~1925 is
firmly located in Makassar, because the subsequent branches 11
and 18 both lead to strains isolated from Makassar outbreaks.
Conversely, the 1908 node at the start of branch 10 is located in
the Middle East based on the probabilities, and migration to
Makassar is arbitrarily placed in the middle of branch 10 in Figs.
1 and 2.
Stage 5. Stage 5 (branches 18 and 19) covers organisms in
Makassar on the direct path to the seventh-pandemic strain and
runs from the 1925 divergence of the 1937 Makassar strain (and
Australian prepandemic-related strain) to the 1954 divergence of
the 1957 Makassar outbreak strain from the lineage to the sev-
enth-pandemic strain (Fig. 1). During this period in Makassar
(1925-1954), the prepandemic strains underwent substantial
genetic changes, including 74 mutations and 36 recombination
events, which replaced 114.76 kb of the genome. The lineage also
gained two large insertions, the VSP-I and -1I islands (41), which
have been used as markers for the seventh pandemic. The nu-
cleotide cyclase gene (dncl’) in VSP-I was shown to be required
for efficient intestinal colonization of the seventh-pandemic
strain (42), and VSP-II may also contribute to pathogenicity or
pandemicity, although currently there is no evidence supporting
this possibility. The boundary between stages 4 and 5 is de-
marcated by the divergence of the Australian prepandemic-
related strains, whereas the divergence of the Chinese
prepandemic-related strain G320 enabled stage 5 to be divided
into two segments, branches 18 and 19, spanning ~14 and 5 Y
respectively (Fig. 1). All strains after branch 18 possess ctxBE7,
and the replacement of ctxB™ with ctxBET is allocated to branch
18 (Figs. 1 and 2). Furthermore, because all strains after branch
19 possess VSP-I, -1, and rstRET, we allocated the gain of VSP-I
and -II and the replacement of rstR'® with rstRET to branch 19. It
is interesting that G320, which diverges after branch 18, has its
ctx genes in the small chromosome only, with ctxBET and rstR<",
It could be that the common ancestor at the end of branch 18
had both the small chromosome ctx genes of G320 and the
chromosomal ctx locus with its ctxB'? replaced with coxBET. This
copy could have been derived from the small chromosome
through recombination and retained in G320, whereas C5 and all
subsequent strains retained the copy at the chromosomal locus.
Further details of variation in the CTX prophages are shown in
Fig. S4. Presumably, the prepandemic lineage acquired these
essential genetic elements from other V. cholerae strains in the
Makassar region.

We suggest that the incorporation of VSP-I, -II, and CTX®T
played an essential role in the transition of a prepandemic strain
into the seventh-pandemic strain. The reason is that these ele-
ments are absent from prepandemic-related strains isolated from
the US Gulf, Australia, and China, all of which are able to cause
disease, but none having the ability to spread like the seventh-
pandemic strain. In the case of the US Gulf and Australian
prepandemic-related strains, an alternative explanation is that
the inability to spread rapidly was related to the quality of the
water supply and the sewage infrastructure in those countries.
However, this explanation does not apply to strain G320, be-
cause pandemic cholera persisted in China until ~2000 (24), but
prepandemic-related organisms were not involved in the pan-
demic (24). This finding suggests that the absence of these
virulence-associated elements was an obstacle for those pre-
pandemic-related strains in evolving pandemic capability.
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Stage 6. Stage 6 (branch 22) occurred during a short period (1954
1960) in Makassar, covering the transition from the 1954 MRCA
with the prepandemic strain (C5) isolated during the last Makassar
outbreak, to the divergence of the short branch, to the first isolated
seventh-pandemic strain (E9120). The reports from those who
worked on cholera at the start of the seventh pandemic showed
that, from 1961, the seventh-pandemic strains exhibited a much
higher spread capability than was observed for the prepandemic
strains that caused the earlier outbreaks in Makassar (17, 18).
During this stage, the strain gained the high spreading capability
that distinguishes paracholera from cholera, thereby becoming the
seventh-pandemic strain. After El Tor disease spread overseas
from Makassar, in 1962, the WHO recognized that it should be
treated as cholera and be subject to quarantine (20).

There are only 12 mutational SNPs on branch 22, which must
be responsible for the transition to high spread capability, because
there are no other changes (Fig. S2 and Datasets S1 and S2).
However, none of these mutations have an obvious connection to
pathogenicity or pandemicity on the basis of current knowledge
(Datasets S1 and S2), and which of these mutations is responsible
for the change in epidemiology requires additional study.

The BEAST estimate for the divergence of strain E9120 from
other early seventh-pandemic strains (G126, CRC711, and
CRC1106) was 1955 before we constrained the date to fit the
historical data (see above). The high mutation rate now inferred
for the first few years of the seventh pandemic (branches 23, 24,
and 27, 1960-1964; Figs. S1 and S5) may have involved further
adaptation to pandemicity. An alternative explanation is that
strain E9120 and the lineage that migrated worldwide actually
did diverge in ~1956, but neither came to attention before 1961.
The second alternative seems highly unlikely in light of con-
temporary evidence that the 1960 outbreaks in Sulawesi and
other areas of Indonesia (18) were the first stages of the spread
of what became the seventh pandemic, reaching several coun-
tries in Asia by the end of 1961 (18, 20, 21).

Significance of the Asian Homeland-Middle East-Makassar Migration
Pathway in the Generation of the Seventh-Pandemic Strain. We
suggest that specific environments and human social structures in
the Middle East and Makassar could have driven the evolution
of the pandemic. The other V. cholerae strains in these regions
must have served as important sources of the acquired genes that
affected pathogenesis and pandemicity. The fcpA gene and the
CTX“" prophage acquired in the Middle East (stages 2 and 3),
as well as the VSP-I and -II genetic islands and the CTX

prophage acquired in Makassar (stage 5), are closely related to
corresponding elements found in the sixth-pandemic strain. The
sources of the Middle East V. cholerae strains are close to Jer-
usalem and Mecca, which are religious centers for several reli-
gions, including Judaism, Christianity, and Islam, and have
therefore attracted pilgrims and other visitors from around the
world for centuries. Additionally, Makassar was a major center
for international shipping during the period discussed here,
which was before airplanes replaced ships as the major vehicles
for long-distance travel. The close relationship of the virulence
genes gained by the pandemic lineage in the Middle East and
Makassar regions to genes found in the sixth-pandemic strain
suggests that donor strains may have been carried by pilgrims
from South Asia, often referred to as the Asian homeland of
cholera, with its major focus in Bangladesh and the adjacent
Indian State of Bengal, which together cover the floodplains of
the lower reaches of the Ganges and Brahmaputra rivers. Thus,
we suggest that the pathway followed by the seventh pandemic
lineage from Bengal to the Middle East and then Makassar is
following a migration pathway through centers that had seen
cholera before. We propose that this pathway was a key factor in
the formation of the seventh-pandemic strain because of the
continuing existence of V. cholerae strains harboring genes from

E7736 | www.pnas.org/cgi/doi/10.1073/pnas.1608732113

prior pandemics. The gain of genes from other V. cholerae strains
as described here is probably part of an ongoing process, because
similar events have been reported for recent changes in the
seventh-pandemic strains (23).

Recombination Is Rare in Outbreak and Pandemic Forms, but Is
Otherwise Common. We found that recombination frequency
was generally high while the prepandemic lineages were present
in the Middle East and Makassar. On the direct evolutionary
path from the nonpathogenic El Tor strain in the Middle East to
the seventh-pandemic strain (branches 2, 6, 10, 18, 19, and 22,
which cover the period from 1902 to 1957), there were a total of
52 recombination events (Dataset S1 and Fig. S6), and almost all
of these branches have a high proportion of SNPs due to re-
combination (Fig. 4 and Fig. S6). For example, strain M66-2
gained 27-fold more SNPs (1,940/70) by recombination than
mutation after diverging from the main lineage at the end of
branch 10 (Figs. S1, S2, and S5). This high ratio of SNPs due to
recombination is comparable to the 40-fold ratio between SNPs
caused by recombination and mutation that occurred during the
divergence of the sixth- and seventh-pandemic stains (8). There
was almost certainly continuing adaptation to the new niche of
pathogens, and much of this adaptation could have been medi-
ated by recombination, given the high number of SNPs caused by
recombination and the likelihood that many of them were
adaptive in their donor strains, whereas mutation is entirely
random. There was also gain and loss of genes within recombi-
nant segments, and these changes could have also been adaptive.
The selective advantages of the evolutionary changes that oc-
curred could have been related to the new environments occu-
pied by the strains in the Middle East and Makassar.
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Fig. 4. The chromosomal locations of all mutation and recombination
events on the major branches related to the six evolutionary stages of the
seventh-pandemic strain. Mutations are marked as blue vertical bars above
thick black lines, which represent the two chromosomes. The red vertical
bars below show the locations of recombination events. The branch num-
bering is the same as in Fig. 1, but the mutations and recombination events
shown include those back to the nodes. The additional events are shown on
their own branches in Fig. 56, which includes all branches. Note that there
are recombination events on all stage branches except for stage 6, which is
short and has only 12 mutations, whereas the branch from the start of the
pandemic to strain B33 has no recombination events. Additionally, for the
early part of the 1937 outbreak, branch 12 has recombination events, but
there are none on the terminal branches 13 and 14.
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However, previous studies have shown that recombination
events have been virtually absent from the seventh-pandemic
strains since their origin in 1961 (22), with the only exception
being the event that included the gain of the 0139 O-antigen gene
cluster. This low recombination frequency of seventh-pandemic
strains is confirmed in this study, with the only recombination
event observed for the seventh-pandemic strains from branch 6
onward being that involving the 0139 O-antigen gene cluster on
branch 35 to strain MO10, as shown in Fig. S6. In contrast, there
were 118 mutations, but no recombination events, over 44 y from
the end of branch 5 to strain B33, the most recently isolated strain
in the phylogenic tree (Figs. 2 and 4). Additionally, as discussed
above, recombination occurs at high frequencies in prepandemic
and prepandemic-related lineages, as shown in Fig. 4 for stages 2,
3,4, and 5 of the seventh pandemic lineage and branches 1, 4, and
5 in the Middle East. It is therefore very interesting that there are
no recombination events on the terminal branches leading to
strain M66-2 (branch 13) and MAK747 (branch 14) (Fig. 4), which
were both isolated during the 1937 Makassar outbreak. However,
there are 18 recombination events on branch 12, the shared
branch that preceded branches 13 and 14, and these brought in
704 SNPs, 12-fold more than arose by mutation.

The almost total absence of recombination in the seventh-
pandemic strain and in the terminal branches leading to the 1937
Makassar outbreak strains indicates a major change in the niche
occupied by the outbreak and pandemic strains, with almost com-
plete separation from environmental V. cholerae strains. At first, the
absence of recombination in these strains may seem surprising, be-
cause the growth of V. cholerae strains on chitin surfaces in aquatic
habitats induces competence for natural transformation (43), a
condition that would be expected to occur while these pathogenic
strains reside in the environment between infections. It appears that
both the 1937 Makassar-outbreak strain and the seventh-pandemic
strain are from a niche(s) that does not favor recombination.

The high rate of recombination in the prepandemic strains
appears to be normal for V. cholerae. Unfortunately, there are no
genome sequence-based data for recombination in environ-
mental strains, but several MLST studies on environmental
strains have shown high diversity, indicating high recombination
rates, which have also been supported by several additional cri-
teria (44-46). Each of these referenced studies used strains with
a sampling bias toward human-associated strains in countries
with often inadequate treatment of sewage, adding the compli-
cation that some of the “environmental” strains were from fecal
contamination. However, Esteves et al. (47) reported MLST
data on V. cholerae strains from coastal lagoons in the Medi-
terranean Sea, far from cholera outbreaks, and they also found
high levels of recombination in what is probably a more repre-
sentative collection of environmental strains.

Recombination in a seventh-pandemic strain has been ob-
served under laboratory conditions when induced by the pres-
ence of chitin (48). Pandemic V. cholerae strains have also been
associated with crustacean and other invertebrates, which could
promote recombination, because their exoskeleton is mostly
chitin. It is thus useful to consider why V. cholerae strains
exhibited a low rate of recombination during the seventh pan-
demic and outbreak periods. It may simply be that V. cholerae
spends less time in the environment during pandemic periods,
with infection occurring soon after the organisms enter water,
which would reduce the opportunities for recombination. This
explanation is supported by the finding that organisms isolated
from stool samples show increased infectivity in mice, with this
increase being transient (49). However, cholera is commonly
seasonal in areas where it is endemic, and rapid reinfection
would not foster survival between seasons. Such rapid reinfection
is also less likely in Makassar, even during periods of outbreak,
because the number of outbreak cases in this region is low and
often scattered.
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The low levels of recombination that were observed during
long-term survival of the organisms in the environment could be
the result of cells of pathogenic V. cholerae strains existing pri-
marily in a viable but noncultivable form (VBNC) when not in a
host (48, 50). In these experiments, organisms isolated from the
stools of infected persons entered the VBNC state within 24 h of
being placed in water. The organisms were shown to survive in the
VBNC form for more than a year and could convert to active
growth when placed into rabbit ileal loops. The adoption of the
VBNC form has been proposed as a survival strategy between
outbreaks and would account for the seasonal occurrence of
cholera in Asia, but it could also be an adaptation to avoid com-
petition with strains already occupying the local environment.

Summary and Conclusions

In summary, our analysis provides the clearest view currently
possible of the evolutionary history of the seventh-pandemic
strain since the first observation of an El Tor strain. The analysis
includes all seven currently available prepandemic strains, as well
as a strain isolated just as the seventh pandemic started. Six
stages were delineated for the genetic changes that occurred, but
we can only infer the ecology of the strains at each stage by what
is known of either the strains that were isolated and studied at
the time or those that are still available for ongoing study.

Three clearly distinguished ecotypes were identified for the
available strains within the lineage of the seventh-pandemic
strain. The first ecotype is of a nonpathogenic form that colo-
nized humans in the Middle East and was observed from 1897 to
1938. It was distinguished from the then-active sixth-pandemic
strain and named El Tor, as discussed above, and strains isolated
from 1930 through 1954 are still available. This form, which
appears to colonize humans for periods of up to 5 wk with no
adverse symptoms, was first reported publicly in 1906 (15). There
is reason to think that this colonization was very different from
that of modern cholera, and probably occurred in the lumen of
the intestine. The second ecotype resembled the well-docu-
mented strains of the sixth and seventh pandemics in terms of
disease caused, but it is much less capable of transmission. The
strains encompassing this form were found in the Makassar
outbreaks between 1937 and 1957. The third ecotype is that of
seventh-pandemic strains, the subject of extensive experimental
and epidemiological studies.

We allocated the many genetic events associated with the
above to different branches in the phylogenic tree. This analysis
narrowed down the genetic changes that could have contributed
to the transitions between ecotypes. The genetic events impor-
tant in pathogenicity or pandemicity identified in this study could
be an interesting subject for future experimental studies, espe-
cially those related to the different spread capabilities of the
second and the third ecotype forms. We also found that the
absence of recombination in the seventh pandemic period was
likewise observed in the Makassar outbreak period, indicating
that V. cholerae strains that cause human diarrhea are not able to
recombine with environmental V. cholerae strains. A possible
reason for this finding is that these forms can exist in the VBNC
state for longer periods in the environment.

Cholera is very unusual in that, not only is the pandemic form
a single lineage, but ancestors of the seventh pandemic form
were detected more than a century ago, and we have strains for
intermediates that allow the development of that form to be
followed in detail. The evolution of the seventh-pandemic strains
includes several important changes mediated by gains of genes
thought to come from V. cholerae in the environment. In general,
these genes resemble those that are also present in the sixth-
pandemic strains, implying that the prior presence of pathogenic
V. cholerae was important for the evolution of pathogenicity and
the development of the seventh-pandemic strain. Although only
studied in detail with regard to the sixth pandemic, classical
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biotype strains, now thought to have been responsible for the
first through sixth pandemics, seem to have played an important
role in the evolution of the seventh-pandemic strain, despite the
divergence of the classical and El Tor biotype strains much
further back.

Materials and Methods

Genome Sequencing. \We obtained complete genome sequences for 10
V. cholerae strains (Table S1) using PacBio technology. First, we prepared a
single 10-kb library for each strain that was sequenced using C; chemistry in
eight single-molecule real-time cells with a 90-min collection protocol on a
PacBio RS. The PacBio read data for each strain were de novo assembled into
complete genomes by using the PacBio hierarchical genome assembly pro-
cess/Quiver software package, followed by Minimus 2, and they were pol-
ished with Quiver.

Detection of SNPs and Phylogenetic Analysis. We detected SNPs in the pres-
ently available genome sequences by aligning each to that of N16961 using
BLASTn and the Mauve method (51). We then distinguished SNPs that could
be attributed to mutations in the lineage from SNPs gained by re-
combination-mediated importation of segments derived from donor strains
that carried preexisting mutations. The distribution of mutations was
expected to be random, which would give an exponential distribution for
the inter-SNP distances. We first classified the SNPs into different groups on
the basis of their distributions in the genomes under analysis and then used
a described method (8) to analyze the SNPs in each group separately to
detect segments with high densities of SNPs that did not fit a general
Gaussian distribution as expected for random mutations. These regions were
allocated as recombination events, and SNPs in these regions were omitted
when building the phylogenetic tree. Moreover, the Kolmogorov-Smirnov
test was used to test the distributions of the SNPs by implementing the ks.
test() function in R. A phylogenetic tree was generated by using RAXML (52)
with 1,000 bootstrap samples using only mutational SNPs (999 in total).
Mutations and recombination events were then allocated to specific
branches. The mutations and recombination events were first grouped into
different patterns according to the strains in which they occur, and then
each pattern was allocated to a specific branch of the tree.

Genome Annotation and Comparative Genomics Analysis. ORFs spanning 30
amino acids in length were predicted by using Glimmer (Version 3.0) and
verified manually based on the annotation of N16961. Transfer RNA and ri-
bosomal RNA genes were predicted by using tRNAscan-SE. Artemis (53) was
used to collate the data and facilitate annotation. Function predictions were
based on BLASTp similarity searches in the UniProtkB, GenBank, and Swiss-
Prot protein databases, as well as the clusters of orthologous groups database.

Genomes were compared by tBLASTX, BLASTn, and the Mauve method.
The Artemis comparison tool was manually applied to the files generated to
search for indels (such as genomic islands and phages). These were then
allocated to specific branches of the tree in the same manner as for mutations
and recombination events.

Because of the use of eight draft genomes of relatively low quality, we had
to exclude highly variable regions when constructing the phylogenic tree,
because they are very difficult to include in alignments. These regions include
the RNA gene loci, the large integron and the CTX regions. For instance, only
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90% (362,834 bp) of the complete genome of N16961 (4,033,460 bp) is in-
cluded in the analysis for Fig. 1. To reduce this loss, we also analyzed eight
selected full-genome sequences separately (Fig. S2), giving us 3,794,564 bp
shared by the 8 strains. The increase of 123,938 bp of additional coverage
extends the data available for the branches leading to the seventh pan-
demic. The better quality of the full genome sequences allowed us to
identify all indels in these strains and allocate them to branches. Note that
we retained the node dates obtained with the full dataset when creating
the new tree. Sites with a gain or loss of 1-3 bp were treated as mutations
because of strand slippage during replication. There were no sharp cut-offs,
and because shorter sequences are difficult to define from lllumina data, we
made another arbitrary distinction into short (4-999 bp) and major (>999
bp) indels. For the main lineage, we also investigated the regions that were
excluded because of their variability, and we were able to retrieve in-
formation on additional events. The lengths of the DNA segments involved
in each strain are shown in Table S1. The percentage of the genome in the
shared DNA (Fig. S2) ranged from 95.1% for NCTC5395 to 99.0% for M66-2.

BEAST Analysis. We used the program BEAST (26) to infer the dates for the
nodes in the tree under a relaxed molecular clock. The data were analyzed
by using a coalescent constant population size and a general time-reversible
model with gamma correction. The results were produced from three in-
dependent chains of 50 million stages each; these were sampled every
10,000 stages to ensure good mixing. The first 5 million stages of each chain
were discarded as burn-in. The results were combined by using Log Com-
biner, and the phylogenetic tree built by RAXML as a target tree was gen-
erated by using Tree Annotator, both of which are components of the
BEAST package.

BEAST determines node dates based on known dates of isolation and by
minimizing the variation in inferred mutation rates. In this case, we also had
the information that the seventh pandemic began in 1961. The tree as first
generated (Fig. S3) placed the divergence of E9120 and the ongoing sev-
enth-pandemic lineage in 1955, which is not consistent with the historical
record. We therefore imposed the requirement that this divergence occur in
1960, the earliest date consistent with the historical data, and therefore
changed the dates for the nodes after branches 22, 24, and 25 to 1960, 1960,
and 1961, respectively, and the start of branch 22 to 1954, to make them
compatible with the historical record (Fig. S1). The major effect was to re-
duce the length of branch 30 and increase that of branch 19, and minor
changes were made to some other nodes to spread the effect in a pro-
portional manner. The final tree is shown in Fig. 1 and Fig. S1, in which
nodes are located according to the estimated branching dates. The date for
the first node was set to 1902. Outgroup strain 0395 was not included in the
BEAST analysis because it is too divergent, but all of the SNP differences
between NCTC8457/NCTC5395 and the other strains can be attributed to
branch 1, because the sixth-pandemic strain 0395 has the alternative allele,
and branch 2 has no measurable length.
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