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Phylogenies of indigenous microbes have been used as surrogates
for the origins of the hosts that carry them. Conversely, polymor-
phisms may be used to date the spread of a microbial species when
information about their host populations is available. Therefore,
we examined polymorphisms in Helicobacter pylori, which persis-
tently colonize the human stomach, to test the hypothesis that
they have been ancient inhabitants of humans. Three H. pylori loci
that previously have been shown to have phylogeographic affinity
have been analyzed for two populations with different ethnic
origins from Venezuela. In a group of Amerindian subjects from
Amazonia, East Asian H. pylori genotypes were present for each of
the loci examined but were absent in a mestizo population from
Caracas. These findings provide evidence that H. pylori has been
present in humans at least since ancestors of Amerindians
migrated from Asia more than 11,000 years ago.

he peopling of the Americas occurred at least 11,000 years

and up to 43,000 years before the present with origins in east
Central Asia (1, 2). In addition to using host mitochondrial and
Y-chromosome polymorphisms to reconstruct the population
history of the indigenous Amerindians, inquiries also have
focused on the demogeographic polymorphisms present in per-
sistent viruses (e.g., JC virus and human T-lymphotrophic virus
types I and II) carried by humans (3-9). The generally consistent
findings of these studies indicate that the phylogenies of indig-
enous microbes can be used as surrogates for the origins of the
hosts that carry them. Conversely, here we examine polymor-
phisms in Helicobacter pylori, which persistently colonize the
human stomach, to determine whether evidence supports its
presence in humans at least since ancestors of Amerindians
migrated from Asia (10).

H. pylori, spiral, microaerophilic, Gram-negative bacteria that
colonize the human stomach, are associated with increased risk
of developing gastric cancer and peptic ulcer disease (11).
Although common in developing country populations, H. pylori
has been disappearing gradually from industrialized countries
(12, 13). H. pylori strains are highly diverse, and within all loci
examined, both extensive polymorphism and multiple informa-
tive sites are present that can be used to construct phylogenies
(14, 15). In particular, specific genotypes associated with either
Europe or East Asia have been recognized (14-16). Extensive
studies have shown that the vacA s allelic types have a specific
geographic distribution (15, 16). In particular, the vacA4 slc allele
is present exclusively in persons originating from East Asia (15,
17-19). Two other genes, babB and HP0638, also have been
shown to have strong phylogeographic affinity and can be used
to distinguish between strains from hosts of Eastern or Western
origin (14, 20). Thus, in Europe and North America, individuals
carrying H. pylori strains with East Asian markers either them-
selves immigrated from East Asia, or their parents or grand-
parents had done so (21).
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However, the period during which humans have been colo-
nized with H. pylori is controversial (22, 23). Studies examining
polymorphisms in H. pylori isolates from Latin American pa-
tients showed European genotypes, and Kersulyte e al. have
suggested that South America may have been H. pylori-free
before the European colonization and Europeans might have
introduced H. pylori to the New World after Columbus (15, 23).
However, the patients in that study and in our previous work
were from metropolitan areas and are mestizo, with mixed
European, African, and aboriginal (Amerindian) origins (15,
23). Therefore, finding strains with markers of Western origin in
this population of mestizo patients might be expected and is
consistent with the hypothesis of a “selective sweep” in which the
European genotypes could have replaced preexisting genotypes.
To differentiate among these possibilities, it is ideal to examine
individuals who more closely reflect the pre-Columbian peoples.
To accomplish this aim, we examined gastric biopsy samples
from Amerindians in the Venezuelan Amazon, because their
ancestors migrated from East Central Asia no less than 11,000
years ago (1). Finding markers of East Asian strains in this
relatively isolated population of true Amerindian descent would
provide evidence that H. pylori arrived in the New World with
their ancestors and has been indigenously transmitted since.

Materials and Methods

Biopsy Samples. DNA was obtained from antrum biopsies from
patients from Caracas, the urban capital of Venezuela, and
Puerto Ayacucho, a regional center in Venezuelan Amazonia,
which provides medical services to people from surrounding
villages. All 103 persons from Caracas (mean age 42 yr) were of
European or mixed ancestry. The 102 persons studied from the
Puerto Ayacucho area (mean age 37 yr), were of Amerindian
ancestry (including 96 Piaroas, 5 Guajibos, and 1 Yanomami).
All patients were undergoing upper gastrointestinal endoscopy
for dyspeptic symptoms and signed a consent form to partici-
pate in this study. Biopsy samples were obtained from patients
in 1999. DNA was extracted from each biopsy as described (23).

PCR Analysis. Primers used for H. pylori PCR amplification were:
(i) GImM1 and GImM?2 for a 296-bp glmM fragment (14); (ii) R1
and R2 for a 100-bp cagA fragment (24); (iii) VAIF and VAIXR
for the vacA s region (15); (iv) 181 and 214 for a 401-bp fragment
including parts of HP0637 and HP0638; and (v) C9655 and C5733
for a 496-bp region of babB (25). Human mitochondrial DNA
primers mt L15905 and mt R16498 were used to amplify a 593-bp
region of the hypervariable region I (26). In each case, PCR was
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Table 1. Mitochondrial DNA lineages in gastric biopsy specimens from Venezuela

HVR-I haplotype* Haplogroup®

Phylogeographic affinity Sample designation*

111223 290 319 362

111 145 223 290 319 362

111223 290 293 304 319 362

86 182C 183C 189 217

51223 298 325 327

51129 223 325

129 223 298 325 327

223 239 298 325 327

142 147 223 325 327

142 147 223 235 325 362

142 147 223 325 362

142 179 223 295 325 362
223311312 325 362

0

189 192 223 265 278 294 309 390
38 129 187 189 223 256 278 293 294 360 L1c
111126 187 189 223 239 270 278 293 311 L1b

KQUooooonnno®p»
w
)

Native American VvC17, 22,77, 93

Native American VP 26

Native American VP 29, 33, 35, 36, 41, 43, 66
Native American VC 62

Native American VP 52,78
Native American VC 95
Native American VP 24

Native American VP 25

Native American VP 03

Native American VP 49

Native American VP 08, 55, 84
Native American VC 14, 35
Native American VP 19

West Eurasian VC 94
Sub-Sahara African VC 100
Sub-Sahara African VC72
Sub-Sahara African VC 88

*Sequence types for hypervariable region | (HVR-1) between base pairs 16,021 and 16,400 are shown as variant positions minus 16,000
relative to Cambridge reference sequence (26). Polymorphic positions are transitions unless the change is specified.
THaplogroup assignment of each sequence type is based on diagnostic motifs as described in refs. 4-6.

*VP, Venezuela Puerto Ayacucho; VC, Venezuela Caracas.

SCRS, Cambridge reference sequence. This sequence seems associated with several Eurasian haplogroups and is the most frequent type

in populations of Europe and the Middle East (47).

performed with 100 ng of each primer and 100 ng of template
DNA as described (23) with appropriate negative and positive
controls.

Sequence Analysis. Purified PCR products (QIAquick PCR
purification kit, Qiagen, Valencia, CA) were sequenced di-
rectly on both strands at the New York University Skirball
Institute of Biomedical Sciences core facility. Resulting se-
quences were assembled by using SEQUENCHER 3.1.1. (Gene
Codes, Ann Arbor, MI), and edited alignments were created
by using CLUSTALW (GenBank accession nos. are AF485664—
AF485758) (27). Phylograms based on nucleotide alignments
were generated by using Kimura two-parameter distance
matrices (28) using PAUP 4.0b8 (Sinauer Associates, Sunder-
land, MA). Analysis of synonymous and nonsynonymous sub-
stitution rates was performed by using the method of Nei and
Gojobori with SWAAP 1.0.0 (29, 30). Likelihood analysis was
performed to determine the probability that the phylogenies
created at the three loci could be reproduced by chance alone
(31). Briefly, for each locus 1,000 trees were generated with
random topology and then compared with the observed tree to
determine the log likelihood (A — InL) that each tree could be
reproduced given the sequence data at each locus. Log-
likelihood values were calculated for each random tree, and
the 99th percentile bounding the random distribution was
determined. For each observed tree, the calculated likelihood
value was compared with the 99th percentile boundary of the
random distribution; for values beyond the boundary, the
hypothesis that the observed phylogenies could be reproduced
by chance alone is rejected (31). Random trees and likelihood
values were determined by using PAUP 4.0b8. Analysis of the
number of polymorphic and informative sites that support the
East Asian—-Amerindian association in all the phylogenies was
determined by using MACCLADE 4.04 (Sinauer Associates).

Results

Mitochondrial DNA Variation Between Two Populations of Venezuela.
We examined samples obtained from two groups of Venezuelan
patients as described above: from Puerto Ayacucho, representing
an Amerindian population, and from Caracas, representing the
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mestizo population. To confirm the ethnicity of the study
populations, we examined a subset of the study subjects using
sequence analysis of the mitochondrial DNA typel hypervari-
able region (Table 1; refs. 4-6). Of 12 Caracas patients, 8 had
phylogeographic affinity with Native American sequences and 4
with either West Eurasian or Sub-Saharan African sequences. In
contrast, all 18 sequences from Puerto Ayacucho patients had
Native American phylogeographic affinities (4-6). Thus, the
Puerto Ayacucho population studied was suitable for exploration
of the competing hypotheses.

Prevalence of H. pylori and Specific Genotypes in the Two Studied
Populations of Venezuela. For the total of 205 patients studied in
both locales, DNA could be extracted from 195 (95%) of the
biopsies in sufficient quantity and quality to permit PCR am-
plification. By glmM PCR of these biopsy samples, 78.4 and
80.6% of the 97 Puerto Ayacucho and 98 Caracas patients,
respectively, were found to carry H. pylori (23). cagA is a marker
for a 35- to 40-kb pathogenicity island in H. pylori (32-34), the
presence of which is significantly correlated with clinical out-
come in persons carrying the organisms (35, 36). The prevalence
of cagA varies in different host populations, but it is present in
nearly all strains of East Asian origin (37) and only half of the
strains in North America (32). In a subset analysis, the rate of
PCR positivity for cagA was nearly identical in H. pylori-positive
patients from Puerto Ayacucho (n = 35, 62%) and Caracas (n =
31, 58%). Thus, the rate of H. pylori colonization and overall
strain type was present to similar extents in these two study
groups.

Analysis of vacA s Allelic Type and HP0638 and babB Types in the Two
Populations of Venezuela. Next we examined three polymorphic
H. pylori loci with distinctive demogeographic features: (i) the
s region of the vacA-encoded signal sequence (15); (i) the 5’ 167
bp of HP0638 and the upstream 188 bp (20, 38); and (iii) a 5’
378-bp region of babB (14). Due to small biopsy sizes and
difficult specimen transport from Amazonia, sequence informa-
tion was determined from representative samples, which gave
sufficient PCR yields. Comparing the sequences obtained from
the subjects of this study with those of the controls in other
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Table 2. Prevalence of vacA s-region allotypes in samples from
East Asia, Western countries, or Venezuela

Percent of sample showing specified allotypes*

Venezuela
Western

East Asia countries Puerto Ayacucho Caracas
s allotype (n = 15) (n = 15) (n=17) (n=13)
s1 100 67 94 46
sla 27 20 0 0
s1b 0 47 36 46
slc 73 0 58 0
s2 0 33 6 53

*s allotype was determined by sequence of PCR products using primers VAIF
and VAIX as described.

defined geographic regions showed extensive polymorphism in
each locus, as expected.

For vacA, all samples from Caracas had sIb or s2 sequences
(39), consistent with earlier studies of mestizo populations
(Table 2; refs. 15 and 23). In contrast, from Puerto Ayacucho,
58% were slc, a strong marker for East Asian origin (15); by
phylogenetic analysis, most of these s/c sequences represent a
subpopulation distinct from the East Asian/Pacific sequences
(Fig. 1a). For the 5" HP0638 locus (20), the sequences from 12
of 13 Amazonian patients studied clustered with East Asian
strains (Fig. 1b). For the HP0638 CT-repeat number, which
also shows distinctive demogeographic features (20), all sam-
ples from the Caracas patients showed Western patterns,
whereas those from the Amazonian patients showed either
East Asian (54%) or Western (46%) patterns (Table 3; ref. 20).

Table 3. Variation in the CT-repeat number in H. pylori HP0638
in samples from East Asia, Western countries, or Venezuela

Percent of individuals with H. pylori strain with
specified CT-repeat number

Western* Venezuela
No. of CT  East Asia* countries Caracas Puerto Ayacucho
repeats (n = 47) (n =37) (n =8) (n=13)
=4 100 0 0 53
6-7 0 68 50 38
=8 0 32 50 8

*Sequences included from ref. 20.

In analysis of the babB demogeographic locus, 4 of 5 Amazo-
nian sequences were on a distinct branch related to the East
Asian sequences, whereas all 5 Caracas patient sequences were
on the branch with Western sequences (Fig. 1c). Although
strain VP25 and VP19 babB sequences were on the same
branch as for VP49 and VP43, the former strains were vacA s1b
and the latter were slc. These findings are indicative of
intrahost recombination between Western and East Asian
strains, as would be predicted from earlier analysis of H. pylori
recombination (40, 41). Likelihood analysis was performed to
test the hypothesis that the phylogenies created for the three
loci could be reproduced by chance alone (31). Analyses using
1,000 random trees for each locus showed that the likelihood
values for the observed phylogenies were far beyond the 99th
percentile of the null distribution (P < 0.0001 in each case),
indicating that chance alone would not explain their structure
(data not shown).

—0 5 changes.

Fig. 1.

SAg8-10

.«r
73 ’-— JABE-14
T - 28
2818

— JABBM

JABS-10

§ changes

Neighbor-joining trees of H. pyloribased on sequences at three loci. Sequences are from H. pyloristrains from East Asia/Pacific (green), Western countries

(red), Venezuela/Puerto Ayacucho (VP, black), Venezuela/Caracas (VC, blue). (a) the vacA s region has four major allotypes: s7a, s7b, s7c, and s2. The majority
of Venezuela/Puerto Ayacucho sequences are on the s7c branch on a relatively conserved subbranch or amidst the East Asian/Pacific isolates. (b) HP0638
sequences divide into two major groupings, with sequences from East Asia, the majority of Venezuela/Caracas, and one from Colombia together (Top), and the
Venezuela/Caracas sequences and most Western sequences (Bottom). (c) babB sequences divide into two major groupings, with East Asia and most of
Venezuela/Puerto Ayacucho (Bottom) together, and Venezuela/Caracas and Western together (Top). CH, China; TH, Thailand; J, Japan; NL, The Netherlands;
PO, Portugal; NZ, Maori; AU, Australia; US, United States; PE, Peru; UK, United Kingdom; CO, Colombia; BE, Belgium; Fl, Finland; IN, India. Bootstrap values >50
and branch-length indices are shown.
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Table 4. Informative sites in vacA, babB, and HP0638 sequences in H. pylori isolates

No. of sites
No. of isolates
Gene included in analysis Total sites Polymorphic Noninformative Informative
vacA 69* 132 58 18 40
babB 28" 378 130 33 97
HP0638 59* 399 138 57 72

*Includes sequences from China (14), Thailand (3), Japan (4), New Zealand (1), Puerto Ayacucho (17), Caracas (13),
The Netherlands (4), Portugal (5), Australia (3), the United States (2), Peru (2), and the United Kingdom (1).

fIncludes sequences from China (5), Japan (13), Columbia (1), Puerto Ayacucho (13), Caracas (8), the United States
(8), The Netherlands (5), Belgium (2), Finland (3), and the United Kingdom (1).

*Includes sequences from Japan (7), Puerto Ayacucho (5), Caracas (5), the United States (8), India (1), Columbia (1),

and the United Kingdom (1).

Analysis of Polymorphic and Informative Sites. In each locus, mul-
tiple polymorphic sites were present (Table 4). Analysis of the
vacA s region phylogeny shows 40 informative sites, of which 10
(25%) directly support the hypothesis that the East Asian and
Amerindian vacA sIc sequences are present on the same branch.
Despite high levels of homoplasy, there are 97 informative sites
in the babB phylogeny, of which 10 directly support the associ-
ation, and in the HP0638 phylogeny 10 of the 72 informative sites
also directly support the hypothesis that H. pylori strains from
present-day Amerindians have a common ancestry with present-
day East Asian H. pylori strains. The other informative sites
support other phylogenetic divisions and are neutral for this
hypothesis.

Analysis of Synonymous and Nonsynonymous Substitutions. Com-
parison of synonymous (Ks) and nonsynonymous (K,) nucle-
otide substitutions within the vacA4 s region confirms both
extensive diversity and functional variation; within each allele,
the overall diversity and functional differences were reduced
(Table 5 and data not shown). Within the vacA4 sic allele, the
level of synonymous substitutions within the sequences from
Puerto Ayacucho and East Asia (K = 0.25) was higher than for
either group alone, which suggests a substantial time interval
since the divergence of these two groups; that the level of
nonsynonymous substitution between these two groups was
zero (K, = 0.00) indicates the absence of functional differences
(Table 5). For babB and HP0638 as well, sequences from
Puerto Ayacucho and East Asia, when analyzed together, have
higher rates of synonymous substitutions than when examined
separately.

Table 5. Synonymous and nonsynonymous substitutions within
vacA s region, babB, and HP0638

Genetic locus Ks Ka Ka/Ks
vacA s-region
Total (n = 69) 0.36 = 0.18 0.13 £0.09 0.38 +0.32
PA s1c (n = 10) 0.05 £ 0.10 0.00 = 0.01 0.06 = 0.06
East Asiansfc(n=18) 0.13 +0.08 0.01 =0.02 0.07 = 0.11
PA vs East Asian sTc 0.25 = 0.09 0.00 = 0.01 0.02 = 0.05
babB
Total (n = 28) 0.37 £0.14 0.07 =0.03 0.19 = 0.08
PA (n = 5) 0.24 = 0.25 0.06 +0.05 0.23 +£0.16
East Asian (n = 7) 0.23 = 0.05 0.03 =0.01 0.13 £ 0.04
PA vs. East Asian 0.36 = 0.12 0.08 =0.02 0.22 = 0.05
HP0638
Total (n = 59) 0.17 £0.09 0.05+0.02 0.26 +0.22
PA (n = 13) 0.12 = 0.11 0.03 £0.02 0.24 +£0.21
East Asian (n = 18) 0.15+0.04 0.06 +0.05 0.25+0.20
PA vs. East Asian 0.16 = 0.07 0.05*+0.02 0.41 *=0.26
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Discussion

Although the mixture of Amerindian, European, and African
human and microbial genes has been occurring in South America
for >500 years, examination of relatively isolated populations
provides a means to assess for genes that predate the European
conquest (1, 7-9). That transmission of H. pylori occurs primarily
in families (42) and that strains from geographically separated
human populations can be distinguished indicate that such
differences can be used to assess strain origins (15, 23, 25, 38, 43).
However, even in Puerto Ayacucho nonindigenous genes clearly
have been introduced as indicated by the Western H. pylori
genotypes observed in a proportion of the patients. Despite
intermixing, the prominence of East Asian genotypes in H. pylori
populations from patients in Puerto Ayacucho and their absence
from the control Caracas (mestizo) population provide evidence
that these genotgypes are indigenous in the Amerindian popu-
lation. Generally parallel findings in each of the three loci
examined increase confidence that the polymorphisms observed
represent clonal descent from East Asian ancestors rather than
isolated homoplasies. The substantial level of synonymous sub-
stitutions between the Puerto Ayacucho and East Asian sic
alleles indicates that the divergence of these two groups is not
recent and virtually eliminates as a possibility a recent transfer
of the s/c allele to Puerto Ayacucho from East Asian strains. This
level of synonymous substitutions, combined with the lack of
nonsynonymous substitutions, is indicative of substantial random
drift that occurred since the last common ancestral strain that
carried this allele.

These findings imply that the ancestors of present-day
Amerindians carried H. pylori (in the stomach) when they
migrated from Asia and thus that H. pylori has been present in
humans for a minimum of 11,000 years (2), which is consistent
with recent findings involving isolates from Amerindian peo-
ple in Colombia (16). A more precise temporal assessment of
the duration of H. pylori in human populations could not be
done because of the lack of samples collected over an extended
time from the same individual. Based on examining paired
isolates obtained ~2 yr apart from individual hosts, Falush
et al. estimated that the presence of H. pylori in humans is at
least 2,500 years (41). The distance of the Puerto Ayacucho
vacA slc sequences from the East Asian slc sequences is
consistent with long-standing separation of these two gene
pools, and their relative homogeneity is consistent with an
evolutionary bottleneck such as may have occurred during
passage across the Bering Strait (1) or as a consequence of
relative genetic isolation within Amazonia. Although data
from each of the three different genetic loci provide evidence
for East Asian origins of Amerindian H. pylori strains, their
phylogenies are not strictly clonal, consistent with frequent
recombination among H. pylori strains (40, 41) and the selec-
tion of strains with mixed East Asian and European charac-
teristics after the European conquest.
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Whereas for the populations examined, the mitochondrial
haplotypes predominantly reflect Amerindian origins, the
dominance in the mestizo population of H. pylori genotypes
introduced after Columbus, as well as their presence in a more
indigenous Amerindian population, suggest strong fitness
advantages of these alleles. However, the factors permitting
a selective sweep by these alleles have not been determined,
and as shown in this report, recombination may have occurred
frequently. Evidence that H. pylori has been present in
the human stomach for at least thousands of years, causing
little disease during reproductive age (11), suggests that
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