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The bacterium Helicobacter pylori colonizes the human stomach, with individual infections persisting for decades. The
spread of the bacterium has been shown to reflect both ancient and recent human migrations. We have sequenced
housekeeping genes from H. pylori isolated from 147 Iranians with well-characterized geographical and ethnic origins
sampled throughout Iran and compared them with sequences from strains from other locations. H. pylori from Iran are
similar to others isolated from Western Eurasia and can be placed in the previously described HpEurope population. Despite
the location of Iran at the crossroads of Eurasia, we found no evidence that the region been a major source of ancestry for
strains across the continent. On a smaller scale, we found genetic affinities between the H. pylori isolated from particular
Iranian populations and strains from Turks, Uzbeks, Palestinians and Israelis, reflecting documented historical contacts over
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Introduction

Helicobacter pylori, a major pathogen of the gastrointestinal tract,
has been implicated in a wide spectrum of gastric disorders such as
peptic and duodenal ulcerations as well as gastric cancer [1].
Genetic studies have established that the bacterium is highly
diverse and that this diversity is geographically and ethnically
structured [2,3,4,5,6]. For example, H. pylori from East Asia (e.g.
Singapore and Korea) are distinct from those observed in Europe.
Genetic diversity within . pylor: populations also tends to decrease
with increasing distance from Africa, consistent with a similar but
stronger cline observed in humans [4,7,8]. The biogeographic
relationships within H. pylori are likely a result of intra-familial
transmission combined with recycling within local communities
[4,9]. Unlike many other human pathogens, there has not been
any long-range horizontal transmission from other species
although humans donated Helicobacter to large cats some
hundred thousand years ago [10]. Several putative and proven
H. pylori virulence factors have also been described, including cagA
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and vacAd, whose allele frequency have also been shown to vary by
ethnic group [11].

To date, nine differentiated bacterial populations have been
observed and there additionally is a strong gene frequency cline
from Northern to Southern Europe [4,6,12]. This cline reflects the
extensive mixing of two populations together, Ancestral Europel
and Ancestral Europe2 (AElI and AEZ2), which contribute
approximately 30-70% of ancestry on average to each strain,
with the average varying according to geographic location. It is not
clear which population arrived first, but AE1 has higher frequency
in Northern Europe, while AE2 is more common in Southern
Europe. The names of these two ancestral populations reflect
where genetic material from the two populations was first
identified but in fact the two populations are found in purer form
in Central Asia (AE1) and North East Africa (AE2). Populations
with mixed AE1 and AE2 ancestry have also been found in the
near Fast and in the Indian subcontinent [13].

While it has been shown two populations of H. pylori arrived in
Europe and other parts of Eurasia at different times, it is currently
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not clear when or from where they arrived or how exactly these
migrations relate to the peopling of the continent. In order to
investigate these questions, we have sequenced H. pylori taken from
Iranians with well-defined geographical and ethnic origin. Iran is a
large and ethnically diverse country that sits at the crossroads
between Europe, Asia and Africa. The country contains much of
the Fertile Crescent where agriculture and civilization first
developed. It has been estimated that 69% of the Iranian
population currently harbour H. pylori infection [14] and show
the frequent rate of development of duodenal ulcer [15] and
gastric cancer [16], largely influenced by geographic and/or
ethnic origin.

We have also compared unpublished sequences from H. pylori
1solated from Uzbek and Tajik residents of Uzbekistan. Uzbekistan
is one of the larger Central Asia states and borders Kazakhstan,
Tajikistan, Kyrgyzstan and Turkmenistan. The latter is located
between Uzbekistan and North Eastern Iran. Thus, the charac-
terization of H. pylori population from both Iran and Uzbekistan
may eclucidate whether genetic exchange has occurred in this
region of the world. The collection and genotyping of these strains
from Uzbekistan will be described elsewhere.
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Materials and Methods

Bacterial Isolates

A total of 147 H. pylori isolates were obtained in 2007-08 from
biopsy cultures from patients who were referred to the reference
endoscopy units in different provinces of Iran. The biopsies were
taken from patients who were of Iranian nationality, had the same
place of birth and residency and gave the same ethnic/linguistic
origin for both of their parents and for all four of their
grandparents. In total, the strains were obtained from 7 defined
ethnic groups within 11 districts of Iran (Figure 1, Table 1, Table
S1).

Biopsies were transferred within 24 hr under cold chain to the
H. pylori 1ab at the University of Tehran and were cultured on
selective Brucella agar (Merck) containing blood under micro-
aerobic conditions. Bacterial isolates were identified as H. pylori on
the basis of Gram’s stain, showing Gram-negative spiral forms,
positive urease, oxidase and catalase tests as well as PCR
amplification of H. pylor: 16S rDNA [17]. Single colony isolation
was performed in order to ensure that each strain consists of only a
single genotype.
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Figure 1. A detailed map with the labelled geographical locations that H. pylori populations were isolated. The proportion of AE1
nucleotides is indicated for each population. The proportion of AE2 ancestry is 1.0-the proportion of AE1 ancestry. The sample sizes for the non-
Iranian samples were UK 7, Finland 10, Estonia 8, Russia 159, Kyrgystan 9, Turkey 19, Spain 71, ltaly 7, Palestine 11, Israel 58, Germany 22, Uzbekistan

(Uzbek) 55, Uzbekistan (Tajik) 17.
doi:10.1371/journal.pone.0009645.g001

@ PLoS ONE | www.plosone.org

March 2010 | Volume 5 | Issue 3 | 9645



Helicobacter pylori in Iran

The Iranian strains were supplemented by sequences of 72
isolates from Uzbeks (55 isolates) and Tajiks (17) as well as
published sequences from http://pubmlst.org/helicobacter. The
published sequences were from 381 isolates from Europe and 51
from North-Eastern Africa and Ethiopia (Figure 1) and have been
previously published by Falush et al. 2003 and Linz et al. 2007.

Multilocus Sequence Typing (MLST)

We used the MLST scheme [2] in order to characterize the H.
plor strains using sequence analysis of the seven housekeeping
genes composed of atpA, efp, mutl, ppa, trpC, urel and yphC. DNA
was extracted using a DNP™ kit (Cinagen Corporation, Iran).
The primers listed at http://pubmlst.org/helicobacter were used
for PCR amplification under the following conditions: 5 min of
pre-denaturation at 96°C, 30 cycles of 40s at 96°C, 40s at 56°C
(except mut) and #rpC with an annealing temperature of 58°C and
urel and ppa with annealing temperatures of 52°C and 53°C,
respectively), 40s at 72°C and a final incubation at 72°C for 7 min.
PCR products were purified by Shrimp Alkaline Phosphatase/
Exonuclease I (USB Corporation, USA) and were sequenced with
both forward and reverse primers by using BigDye technology on
an ABI3700XL DNA sequencer (Applied Biosystems).

All novel sequences generated in this study were deposited in
GenBank database under the following accession numbers:

GU444287-GU444433  (apd),  GU444434-GU444580  (efp),
GU444581-GU444727  (mutd),  GU444728-GU444874  (ppa),
GU444875-GU445020 (6pC), GU445021-GU445166 (wel) and

GU445167-GU445313 ( yphC). The sequences are also deposited on
the MLST website http://pubmlst.org/helicobacter.

Data Analysis

All sequence traces of the H. pylort MLST loci were loaded into
a BioNumerics v5.10 database (Applied-Maths, Sint Maartens-
Latem, Belgium). The sequences were assembled, trimmed and
edited in order to obtain the same sequence length according to
the defined trimming patterns for all MLST loci. Neighbor-joining
trees were obtained with MEGA v4 [18], using a distance matrix
calculated using the Kimura 2 parameter model of sequence
evolution. ClonalFrame analysis [19] was performed for the
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Table 1. Description of Iranian strains.
Ethnic Language high Language low Geographical
Province Area (No. strains) origin Language family  order subgroup order subgroup Language origin
Ardabil Ardabil (21) Azeri Altaic Turkic Southern Azerbaijani Northwest of
Iran
Guilan Rasht (10) Guilaki Indo-European Indo-Iranian Iranian Western North of Iran
Mazanderan Sari (13) Mazanderani  Indo-European Indo-Iranian Iranian Western North of Iran
Kurdistan Sanandaj (10) Kurd Indo-European Indo-Iranian Iranian Western West of Iran
Kermanshah Kermanshah (12) Kurd Indo-European Indo-Iranian Iranian Western West of Iran
Lorestan Khorramabad (10) Lor Indo-European Indo-Iranian Iranian Western West of Iran
Kohgiluyeh & Yasuj (7) Lor Indo-European Indo-Iranian Iranian Western Southwest of
Boyerahmad Iran
Khorasan-Razavi Mashhad (18) Fars Indo-European Indo-Iranian Iranian Western Northeast of
Iran
Yazd Yazd (14) Fars Indo-European Indo-Iranian Iranian Western South of Iran
Hormozghan Bandar-Abbas (10) Fars Indo-European Indo-Iranian Iranian Western South of Iran
Khuzestan Ahwaz (22) Arab Afro-Asiatic Semitic Central South Southwest of
Iran
doi:10.1371/journal.pone.0009645.t001

inference of bacterial microevolution with 100,000 iterations
followed by a burn-in period of 50,000 iterations. The program
estimates the clonal genealogy for a given set of DNA sequences by
using a Bayesian-based neutral coalescent model.

The linkage model in STRUCTURE 2.2 [20] was used in order
to identify the ancestral populations and assign ancestry
proportions for each isolate. The model is based on the fact that
closely linked alleles often inherited as a single unit from the same
ancestral population. Each chunk is independently derived from a
given number of bacterial populations, £ with probability ¢;, where
¢x 1s the proportion of ancestry from each £ population for each
individual isolate. The program was run with A'=2 by a Markov
chain Monte Carlo (MCMC) simulation of 200,000 iterations
followed by a burn-in period of 100,000 iterations.

We also studied the genetic structure of the populations by
analyses of molecular variance (AMOVA) and pair-wise Fg7 using
the software package Arlequin 3.1 [21]. The significance of the
pair-wise Fgrvalues were estimated by permutation analyses using
10,000 permutations with an assumption of no difference between
the populations. The P-value was considered as the proportion of
permutations resulting in the higher Fgr value or equal to the
observed one.

The study was approved by the ethics committee of the
Digestive Diseases Research Center, Shariati Hospital, Tehran
University of Medical Sciences, based on the ethical principles of
human research and experimentation expressed in the Declaration
of Helsinki. All hospitals involved in this study followed the
approved ethical principles of DDRC committee. The subjects
were all undergoing endoscopy as part of their treatment process.
Informed consent for participation in the study was given by each
subject in writing. The structured ethnic/linguistic questionnaire
was completed for each subject by direct interview.

Results and Discussion

For initial exploratory analysis, we assembled a dataset
including 68 strains from each of the 9 previously described H.
pylori populations and 14 Iranian strains (Figure 2). The Iranian
isolates were intermingled with strains assigned to the hpEurope
population. We also performed a phylogenetic analysis using the
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Figure 2. Neighbor-joining phylogenetic analysis of 68 worldwide H. pyloriisolates using seven concatenated housekeeping gene
sequences. The differentiated bacterial populations were recognized and called hpAfrica2, hpAfrical, hspNEAfrica, hpEurope (hpEuropel and
hpEurope2), hpAsia2, hpEAsia, hpAmerind and hpMaori. The Iranian strains shared ancestral origins with the European counterparts. Each lineage is
supported by a higher bootstrap value given at the corresponding branch. The strains were colour-coded according to the origins they were isolated.

doi:10.1371/journal.pone.0009645.9g002

sequences of 330 H. pylor: strains from Europe and North Africa as
well as all 147 Iranian strains with ClonalFrame, a Bayesian
method that takes into account any potential recombination
events. This analysis again showed the Iranian strains to be
mtermingled amongst the hpEurope isolates, including isolates
from Spain, the UK, Finland, Turkey and Italy (Figure S1). We
were thus unable to identify clear population structure within the
hpEurope population at the level of the individual strain.

The inability to differentiate strains at the individual level based
on 7 MLST loci indicates a widespread sharing of DNA sequence
polymorphisms amongst hpEurope strains from different locations.
This sharing is consistent with bacteria rapidly circulating between
different locations but is also consistent with a slower rate of spread
if high levels of genetic variation amongst strains that is preserved
within each geographic location over long time periods. We

@ PLoS ONE | www.plosone.org

performed a hierarchical analysis of molecular variance to
separate the total genetic variance into three covariance
components as follows: within population (WP), among popula-
tion/within group (AP/WG) and among groups (AG). The WP,
AP/WG and AG components for molecular haplotypes explained
94.30%, 1.67% and 4.04% of variance, respectively. Thus,
considerable variation is preserved at the population level.

In order to investigate signatures of genetic differentiation that
are not visible at the individual level, we have calculated Fg
between pairs of labelled populations (Table 2). This analysis
showed that many pairs of populations are significantly differen-
tiated and moreover provides an indication that there is
geographical structure to this variation; for example most Iranian
populations are differentiated from most European ones. In order
to provide an overview of this diversity, we constructed a

March 2010 | Volume 5 | Issue 3 | 9645



Helicobacter pylori in Iran

T00¥ $796000"2u0d [euInof/LZE1°0L10p
*(0050°0 = [9A97 duedIUBIS) SDIjeIl Ul UMOYS Ud3q dABY S|S4 luedyiubis

- 1200 $100 $LOO 1100 SSO0  £Z00 0900 ZI0O 6500 SLO'0600°0 Ly00 2200  9%00  SE00  9L00  »LOO  SSO0  8L00 €00 9200 HE00  6l00 YT (6S1) ueissny
- 9500 0200 2200 ¥800 9Y00 800 SE00 E€S00 [p0O SSO0 vL00 [b0O  $/00 LSOO SE00 L2000 LL00 900 8500 9500 00 €00 €T (6) zABaky
- 6000 €00°0 £500 5200 6400 8100 0SO0 8500 LZ00 [¥00 €LO'O 800 9200 €L0°0- LOO'O- (900 ZTOO'0- Zi00 000°0 600°0 000°0 ZT (61) ysppany

- 6000 €700 4200 THOO ZLOO HHOO LYO0 LEOO 900  #I0O €00 6200 LLO® LOO'0 Zv00 €000 /l00 LOO'O L£00 SO0'0 LT (ss) eqzn

- bZ00 8000 ZE0'0 LOO'® [Z00 8400 800 6500 100°0 LI0O €200 TOO'0 900°0- 8200 LOO'O- SLO'0 €000 [Z00 TOO'0 O (1) nfey

- $00°0-ZTO'0 6£00 £Z00 S800 /800 SOLO LZO'® 9LO'0 0600 8€00 200 0SO0 6200 LTO'O 0H00 800 LSOO 6L (£) ueyes)

- 200 6100 £200 ¥HO0 SHOO £900 8000 0L00 HHOO  LZ00 LOO'O SZO0  9L00 9100 9100 9500 9200 8L (8s) 12eus]

- 0900 ££00 8010 S600 6110 /y00  0Z00 L/00 8400 €400 #900 #Z00 0OZO'O HHOO  1L00  THOO LL (11) ueunssjeg

- 100 7200 YE00 YEO0 YLO'O 800 LLO'O 8200  £L00 [y00  9I00 800 /100  I£00 9100 9L (zz) vewssn

- 9900 /00 £800 6200 0S00 9§00 SSO0 ZE00 6500 500 000  ZEO0 0900  #H00 S (12) ysiueds

-SL0°0LE0'0  SKO0 #6000 0900 £S00 9500 600 8500 9800 6500  TLO0 €400 ¥l (8) ueuolsy

-0£0°0 9500 ¥/00 2500 /200 8200 00L0 €00 9S00  [b00 9S00  Lp00 €L (o1) ystuig

- 1S00  L010 /900  ¥900  £900  LLI'0 9900 $600 8900 9900 0900 Tl (2) ysnug

- 1€00 £l0'0 €TO'0 900°0- S00°0- €200 ¥LOO SLOO ZLOO LLOO LL (OL) (Seqqy-iepueg) sied

- S900 6200 6100 SSO0 €200 8000 LE00 9/00 6£00 OL (z2) (zemyy) qeasy

- 6200 0Z0'0 /900 TTO'0 9900 6LO'0 SO0 OO0 6 (2) (fnsey) 107

- ¥00'0- 0/00 100°0- 9L0°0 ZLO'0O €Z0'0 000 8  (OL) (Peqewediioyy) Joq

- €00 S00'0 S00'0 ¥00°0- ££00 0000 £ (81) (PeYysew) siey

- 8500 1S00 0K00 9900 €500 9 (L) (Pzep) Sieg

- 000 0L0°'0 8200 0000 S  (ZL) (Yeysuewusy) pany

- 00’0 800 1200 ¥ (01) (fepueues) pany|

- 8%00 L00'0 € (€1) luesapuezep

- L00 T (o1) pepnD

- (12) azy

vz € T 1z oz 6l 8L ZL 9L SL ¥L €L T L oL 6 8 L 9 S v € 4 L (‘oN) uonejndod
"sainjeubis adoingdH yum siayio pue suoneindod LojAd ‘H uelues] usamiaq sanjea LS4 asim-iled ues|y *z a|qeL

@ PLoS ONE | www.plosone.org

March 2010 | Volume 5 | Issue 3 | 9645




@ Spanish(Spain)
@ Italian(Italy)

@ Palestinian(Palestine)

@ Iranian-Arab(Ahwaz)
@ Israeli(Israel)

@ Kurd(Sanandaj)

Helicobacter pylori in Iran

@ Ethiopian(Ethiopia)

@ Fars(Bandar-Abbas)

® Fars(Yazd)

@ Fars(Mashhad)

@ Mazanderani(Sari)

[ ] Tajik(Uzbekistan)

@ Uzbek(Uzbekistan)

@ Lor(Khorramabad)

@ Kurd(Kermanshah)

@ Turkish(Turkey)

—_
0.02

@ Azeri(Ardabil)

@ 1or(Yasuj)
@ Guilaki(Rasht)
German(Germany)
Kyrgyz(Kyrgyzstan)
Russian(Russia)
@ Finish(Finland)
© Estonian(Estonia)

@ British(UK)

Figure 3. Neighbor-joining tree based on pairwise Fs; values generated from hpEurope population.

doi:10.1371/journal.pone.0009645.9g003

Neighbor-joining tree based on pairwise Fg7values (Figure 3). This
tree provided evidence for considerable geographic/ethnic
substructure within the hpEurope population as a whole.

The Iranian groups fall into five clusters, three of which also
contain non-Iranian populations in the current dataset. The
Iranian Arab population clustered between Palestinian and Israeli
strains. Kurds, from Sanandaj in Northwest Iran also clustered
close to this group. A second Kurd population from Kermanshah
and Lor from Khorramabad, both in West Central Iran formed a
quite distinct cluster together with strains from Turks. The two
populations on the North Eastern border, in Sari and Mashhad,
form a third cluster together with the Tajik and Uzbek populations
from Uzbekistan.

These three trans-national clusters provide evidence for
geographic and ethnic differentiation within Iran that reflects
historical interactions with external populations (Figure 4). The
bulk of the Iranian Arab population arrived in Iran in the 7th and
8th Centuries during the Islamic conquest of Persia and has kept
its distinct identity and languages till the present day [22]. The

@ PLoS ONE | www.plosone.org

Kurds in North Western Iran have had extensive historical
contacts with Turkish Kurds and other Turks during several
periods of history, including during the Ottoman Empire up to
1514, during the First World War and in the later part of the 20
Century. The Uzbeks fought with the Iranian Safavid dynasty for
control of areas of North Eastern Iran during the 16th Century
[23,24].

Two other clusters have currently only been found within Iran
but might also share affinities with currently unsampled neigh-
bouring populations. The most distinct is found in the two South
Easterly populations, in Yazd and Bandar-Abbas, It would be
interesting to establish whether this cluster is genetically similar to
strains carried by people living within the Persian Gulf or with
other populations further to the East. The final cluster is found in
three Westerly populations, including two on the most Northerly
part of Iran and could potentially be closely related to Armenian
or Azerbaijani populations.

We used the linkage model of STRUCTURE to estimate the
proportion of AE1 and AE2 ancestry for strains in each group

March 2010 | Volume 5 | Issue 3 | 9645
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(Figure 1). The variation in ancestry proportions amongst groups
fell within the range that has already been seen within populations
in Europe and the Middle East [6]. The overall proportion of AE1
in Iran is higher than for the sampled European populations at
similar or slightly higher latitudes (i.e. Spain, Italy). The Southerly
populations do have a slightly lower proportion of AE] ancestry
than the Northern ones, suggesting that there might also be a
North-South cline, however the trend is weak and might be
overwhelmed by the specific regional influences discussed above.
The population with the lowest proportion of AE] ancestry was
the Iranian Arabs from Ahwaz who had 0.419 AE] ancestry. This
1s comparable to the ancestry of the Palestinian and Israeli strains
with whom they cluster in the FST tree (0.397 and 0.455 AEl
ancestry, respectively). The relatively low proportion of AE2
ancestry of the bulk of Iranian isolates, compared with Spain and
Italy suggests that AE2 initially entered Eurasia not via the Middle
East as has previously been suggested [6] but more probably via
Southern Europe.

Helicobacter pylori from Iran are similar to others isolated from
Western Eurasia and can be placed in the previously described
HpEurope population [6]. HpEurope has been formed by the
mixture of two distinct ancestral populations, AE1 and AE2, but in
proportions that vary according to location. Iranian isolates are
unexceptional, with approximately equal contribution from the
two ancestral sources. For this reason it does not appear likely that
either source came via Iran before spreading throughout Western
Eurasia.

We found genetic affinities between the H. pylori isolated from
particular Iranian populations and the strains from ethnically or
geographically similar strains in nearby countries. This contrasts
with a previous analyses based on human mtDNA and Y-
chromosome data which, despite larger sample sizes and a larger
number of nearby sampling locations, did not find similar clear

@ PLoS ONE | www.plosone.org

associations [25]. These findings are concordant with similar
results for strains sampled in Ladakh, where H. pylor: proved more
discriminatory than uniparental human genetic markers or a small
microsatellite panel in distinguishing ethnic groups in the same
geographic location on an individual by individual basis [26]. The
high resolution of H. pylori to detect these local patterns, reflecting
recent patterns of population movement, is a consequence of the
slow transmission of the bacteria between ethnic groups and the
fast rate of evolution of its sequence compared to human DNA.

Supporting Information

Figure S1 Phylogeny of 330 worldwide H. pylori strains using
ClonalFrame. The majority-rule consensus tree showed a very
close relationship between Iranian strains and European counter-
parts. Most European isolates, especially from Spain, UK, Finland
and Italy shared most recent common ancestor with Iranian ones
in different sub-clades. The strains from NEAfrica were also
grouped into two distinct clades. The strains were colour-coded
according to the origins they were isolated.

Found at: doi:10.1371/journal.pone.0009645.s001 (1.07 MB TTF)

Table S1 Sources of Iranian strains.
Found at: doi:10.1371/journal.pone.0009645.5s002 (0.06 MB
XLS)

Acknowledgments

We would like to thank Mark Thomas for help in initiating the project and
Mansoureh Zamani, Parastoo Saniee and Atefeh Tavakolian for their kind
help in collection of the strains. We would like to thank Hafez Fakheri
(Department of Internal Medicine, Mazandaran University of Medical
Sciences, Sari, Iran), Abass Esmaeilzadeh (Department of Gastroenterol-
ogy, Imam Reza Hospital, Mashhad University of Medical Sciences
(MUMS), Mashhad, Iran), Afsanch Sharifian (KDRC (Kurdistan Digestive

March 2010 | Volume 5 | Issue 3 | 9645



Disease Research Center), Medical University of Kurdistan, Sanandaj,
Iran), Hossein Nobakht (Department of Medicine, Ardabil University of
Medical Sciences, Ardabil, Iran), Ramin Tavafzadeh (Department of
Internal Medicine, Kermanshah University of Medical Sciences, Kerman-
shah, Iran), Hassan Salmanroghani (Shahid Saddughi Hospital, Yazd
University of Medical Sciences, Yazd, Iran), Esa’hagh Moradi Sheibani
(Department of Internal Medicine, Yasuj University of Medical Sciences,
Yasuj, Iran) and Mehran Behbahanian (Department of Internal Medicine,
Imam Khomeini Hospital, Jundishapur University of Medical Sciences,
Ahwaz, Iran) for providing gastric biopsy samples. We are grateful to

References

1. Suerbaum S, Michetti P (2002) Helicobacter pylori infection. N Engl ] Med 347:
1175-1186.

2. Achtman M, Azuma T, Berg DE, Ito Y, Morelli G, et al. (1999) Recombination
and clonal groupings within Helicobacter pylori from different geographical
regions. Mol Microbiol 32: 459-470.

3. Covacci A, Telford JL, Del Giudice G, Parsonnet J, Rappuoli R (1999)
Helicobacter pylori virulence and genetic geography. Science 284: 1328-1333.

4. Linz B, Balloux F, Moodley Y, Manica A, Liu H, et al. (2007) An African origin
for the intimate association between humans and Helicobacter pylori. Nature
445: 915-918.

5. Suerbaum S, Maynard Smith J, Bapumia K, Morelli G, Smith NH, et al. (1998)
Free recombination within Helicobacter pylori. Proc Natl Acad Sci U S A 95:
12619-12624.

6. Falush D, Wirth T, Linz B, Pritchard JK, Stephens M, et al. (2003) Traces of
human migrations in Helicobacter pylori populations. Science 299: 1582-1585.

7. Manica A, Prugnolle F, Balloux F (2005) Geography is a better determinant of
human genetic differentiation than ethnicity. Hum Genet 118: 366-371.

8. Ramachandran S, Deshpande O, Roseman CC, Rosenberg NA, Feldman MW,
et al. (2005) Support from the relationship of genetic and geographic distance in
human populations for a serial founder effect originating in Africa. Proc Natl
Acad Sci U S A 102: 15942-15947.

9. Schwarz S, Morelli G, Kusecek B, Manica A, Balloux F, et al. (2008) Horizontal
versus familial transmission of Helicobacter pylori. PLoS Pathog 4: ¢1000180.

10. Eppinger M, Baar C, Linz B, Raddatz G, Lanz C, et al. (2006) Who ate whom?
Adaptive Helicobacter genomic changes that accompanied a host jump from
early humans to large felines. PLoS Genet 2: 120.

11. Kersulyte D, Mukhopadhyay AK, Velapatino B, Su W, Pan Z, et al. (2000)
Differences in genotypes of Helicobacter pylori from different human
populations. J Bacteriol 182: 3210-3218.

12. Moodley Y, Linz B, Yamaoka Y, Windsor HM, Breurec S, et al. (2009) The
peopling of the Pacific from a bacterial perspective. Science 323: 527-530.

13. Devi SM, Ahmed I, Francalacci P, Hussain MA, Akhter Y, et al. (2007)
Ancestral European roots of Helicobacter pylori in India. BMC Genomics 8:
184.

@ PLoS ONE | www.plosone.org

Helicobacter pylori in Iran

Mehdi Shams-Ara, Yajun Song, Camila Mazzoni, Jana Haase, Laura
McGovern, Vimalkumar Velayudan, Sharla McTavish, Birgit Brenneke
and Jessika Schulze for technical support and helpful suggestions.

Author Contributions

Conceived and designed the experiments: SAG FS SM MA RM DF.
Performed the experiments: SLN BL TK AHS AAS MM KG AG.
Analyzed the data: SLN. Contributed reagents/materials/analysis tools:
SS. Wrote the paper: SLN DF.

14. Nouraie M, Latifi-Navid S, Rezvan H, Radmard AR, Maghsudlu M, et al.
(2009) Childhood hygienic practice and family education status determine the
prevalence of Helicobacter pylori infection in Iran. Helicobacter 14: 40-46.

15. Massarrat S, Saberi-Firoozi M, Soleimani A, Himmelmann GW, Hitzges M,
et al. (1995) Peptic ulcer discase, irritable bowel syndrome and constipation in
two populations in Iran. Eur J Gastroenterol Hepatol 7: 427-433.

16. Malekzadeh R, Sotoudeh M, Derakhshan MH, Mikaeli J, Yazdanbod A, et al.
(2004) Prevalence of gastric precancerous lesions in Ardabil, a high incidence
province for gastric adenocarcinoma in the northwest of Iran. J Clin Pathol 57:
37-42.

17. Lu Y, Redlinger TE, Avitia R, Galindo A, Goodman K (2002) Isolation and
genotyping of Helicobacter pylori from untreated municipal wastewater. Appl
Environ Microbiol 68: 1436-1439.

18. Kumar S, Tamura K, Jakobsen IB, Nei M (2001) MEGA2: molecular
evolutionary genetics analysis software. Bioinformatics 17: 1244-1245.

19. Didelot X, Falush D (2007) Inference of bacterial microevolution using
multilocus sequence data. Genetics 175: 1251-1266.

20. Falush D, Stephens M, Pritchard JK (2003) Inference of population structure
using multilocus genotype data: linked loci and correlated allele frequencies.
Genetics 164: 1567-1587.

21. Excoffier L, Laval G, Schneider S (2005) Arlequin (version 3.0): An integrated
software package for population genetics data analysis. Evol Bioinform Online 1:
47-50.

22. Morony M (2006) Arab II. Arab conquest of Iran. The Encyclopedia Iranica. In:
YARSHATER E, ed. ed: Center for Iranian Studies, Columbia University
http://iranica.com/articlenavigation/index.html.

23. (1986) The Cambridge History of Iran: The Timurid and Safavid Periods;
Jackson P, Lockhart L, eds. Cambridge: Cambridge University Press. 1120 p.

24. Savory R (1980) Iran Under the Safavids Cambridge University Press. 288 p.

25. Nasidze I, Quinque D, Rahmani M, Alemohamad SA, Stoneking M (2008)
Close genetic relationship between Semitic-speaking and Indo-European-
speaking groups in Iran. Ann Hum Genet 72: 241-252.

26. Wirth T, Wang X, Linz B, Novick RP, Lum JK, et al. (2004) Distinguishing
human ethnic groups by means of sequences from Helicobacter pylori: lessons
from Ladakh. Proc Natl Acad Sci U S A 101: 4746-4751.

March 2010 | Volume 5 | Issue 3 | 9645



