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Abstract

There are three major geographic regions in China known for their high incidences of esophageal cancer (EC): the Taihang Mountain range of
north-central China, the Minnan area of Fujian province, and the Chaoshan plain of Guangdong province. Historically, waves of great population
migrations from north-central China through coastal Fujian to the Chaoshan plain were recorded. To study the genetic relationship among the related
EC high-risk populations, we analyzedmitochondrial DNA (mtDNA) haplogroups based on 30 EC patients fromChaoshan and used control samples
from the high-risk populations, including 48, 73, and 89 subjects from the Taihang, Fujian, and Chaoshan areas, respectively. The principal
component of all haplogroups, correlation analysis of haplogroup frequency distributions between populations, and haplogroup D network analysis
showed that compared with other Chinese populations, populations in the three studied areas are genetically related. The highest haplogroup
frequency shared by all studied populations was haplogroup D, with much higher frequency in the Chaoshan area EC patients. The majority of
haplogroup D individuals among the Chaoshan area EC patients belonged to subhaplogroups D4a and D5a, with the total frequency of these two
haplogroups significantly higher than that in the high-risk population in the same area (χ2=9.017, pb0.01). In conclusion, EC high-risk populations
in these three areas share a similar matrilineal genetic background, and D4a and D5a might be candidate genetic markers for screening populations
susceptible to EC in the Chaoshan area. Ours is the first report to show the association between mtDNA haplogroups (D4a and D5a) and esophageal
cancer.
© 2007 Elsevier Inc. All rights reserved.
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Esophageal cancer (EC) is one of the most common fatal
cancers worldwide. There are particular geographical hot spots
with high EC incidences. Most EC patients live in the so-called
“esophageal cancer belt,” which stretches from central China
westward through Central Asia to northern Iran [1,2]. In north-
central China, the Taihang Mountain area between Henan,
Hebei, and Shanxi provinces is a well-known high-risk region
for EC. In contrast, EC high-risk areas located in the south-
Abbreviations: EC, esophageal cancer; mtDNA, mitochondrial DNA;
HVS-I, hypervariable segment I; PC, principal component.
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eastern littoral of China, including the Chaoshan plain in
Guangdong province and the southern part of Fujian province
(Minnan area), are less known to the world. The Chaoshan area,
next to the Minnan area, is surrounded by the Lianhua
Mountains and South China Sea and is thus relatively geo-
graphically isolated from the inner part of China. Our previous
study [3] reported an annual average crude incidence rate for EC
to be 71.07/100,000 from 1995 to 2003 on Nanao Island, which
represents a relatively isolated district within the Chaoshan area.

We and others have reported familial aggregation of EC
patients and increased EC risk in family members in north-
central China and the Chaoshan area [4–7]. These findings
support the potentially important role of genetic susceptibility
in EC etiology in high-risk populations. Ascertaining genetic
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Table 1
mtDNA haplogroup distribution among all populations in three studied areas

Haplogroup Taihang
Mountain EC
high-risk
population (%)
(n=48)

Fujian EC
high-risk
population (%)
(n=73)

Chaoshan EC
high-risk
population (%)
(n=89)

Chaoshan
area EC
patients (%)
(n=30)

A 6.25 8.22 7.87 0.00
B4 0.00 2.74 0.00 0.00
B4a 4.17 5.48 3.37 0.00
B4b1 2.08 2.74 3.37 0.00
B4c1 0.00 1.37 5.62 6.67
B5 a 0.00 0.00 2.25 0.00
B5a 2.08 0.00 2.25 0.00
B5b 10.42 1.37 1.12 6.67
C 6.25 5.48 3.37 3.33
D a 16.67 10.96 5.62 3.33
D4a 0.00 4.11 6.74 20.00
D4b 0.00 1.37 1.12 0.00
D5 2.08 2.74 2.25 0.00
D5a 6.25 4.11 3.37 13.33
F a 2.08 0.00 3.37 0.00
F1a 6.25 10.96 3.37 3.33
F1b 2.08 1.37 2.25 0.00
F1 0.00 1.37 0.00 0.00
F1c 2.08 0.00 0.00 0.00
F2a 0.00 1.37 1.12 0.00
F2 a 0.00 0.00 0.00 0.00
G a 10.42 1.37 5.62 6.67
Ma 0.00 1.37 0.00 0.00
M7a 0.00 0.00 1.12 0.00
M7b 0.00 4.11 5.62 6.67
M7b1 0.00 6.85 2.25 0.00
M7b2 2.08 0.00 1.12 3.33
M7c 0.00 1.37 0.00 6.67
M8a 6.25 4.11 4.49 10.00
M9a 2.08 2.74 3.37 0.00
N a 0.00 1.37 1.12 0.00
N9a 4.17 4.11 3.37 0.00
M10 2.08 0.00 0.00 0.00
R9a 0.00 2.74 4.49 0.00
R9b 0.00 1.37 1.12 0.00
R11 2.08 1.37 1.12 0.00
Y 2.08 0.00 3.37 0.00
Z 0.00 1.37 3.37 10.00
a Haplogroup status cannot be further specified into subhaplogroups.
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background of EC patients will facilitate the clarification of
molecular genetic mechanisms in esophageal carcinogenesis,
the risk evaluation of individuals from high-risk populations,
and the establishment of effective screening to identify EC-
susceptible individuals and preventive measures.

According to historical records [8], Han inhabitants of north-
central China (Henan and Shanxi Hans) continuously migrated
into the Chaoshan area via Fujian due to warfare and famines
and gradually became the predominant inhabitants of the
Chaoshan area. Although the Taihang Mountain, Fujian, and
Chaoshan EC high-risk areas are geographically distant, we
hypothesize that these EC high-risk populations could share
common genetic traits. mtDNA is characterized by a strictly
maternal mode of inheritance, absence of recombination, rapid
rate of mutation, and high level of population-specific poly-
morphisms. These make mtDNAwidely applicable for studying
evolutionary relationships among human ethnic groups [9–11].
Because mtDNA is strictly maternally inherited, the mtDNA
sequence has evolved by the sequential accumulation of base
substitutions along radiating maternal lineages [12]. Therefore,
the characteristics of mtDNA enable researchers to trace related
lineages back through time, highlighting the maternal ancestry
of a population, without the confounding effects of biparental
inheritance and recombination inherent in nuclear DNA [13].
The common methods used in these studies are restriction
enzyme analysis of mtDNA coding regions in conjunction with
sequence analysis of the mtDNA D-loop region, which has
apparently evolved several times faster than other regions
[9–11,14–16]. The combined information from coding region
and D-loop region contributes to the phylogenetic analysis of
mtDNA.

In this study, we investigated the mtDNA polymorphism
distribution among populations from the Taihang Mountain,
Fujian, and Chaoshan EC high-risk areas. Our data suggested a
close genetic relationship between the Chaoshan and the
Taihang Mountain EC high-risk populations. Compared with
the other mtDNA haplogroups, the D4a and D5a haplogroups
were found to be closely associated with EC in the Chaoshan
area.

Results

mtDNA haplogroup frequencies

Our primary goal was to investigate the genetic affinity
between the EC high-risk populations and the potential asso-
ciation between mtDNA haplogroup variations and EC
occurrence. mtDNA haplogroups identified in 30 unrelated EC
patients from the Chaoshan area and 210 unrelated EC high-risk
individuals from the Taihang Mountain, Fujian, and Chaoshan
areas are presented in Table 1. A total of 38 haplogroups were
studied. We estimated haplogroup diversity of each population
(Table 2). Compared with the EC high-risk populations from the
Taihang Mountain, Fujian, and Chaoshan areas, the mtDNA
haplogroups in EC patients from the Chaoshan area was the least
diverse. According to previous reports [17–20], A, C, D, G,
M8a, Y, and Z variations accounted for much higher overall
frequencies in northern Hans than in their southern counterparts
and thus were northern Han dominant haplogroups, whereas
B, F, R9a, R9b, N9a, M7b, and M7b1 constituted the southern
native dominant haplogroups and showed much higher overall
frequencies in southern Hans than in northern Hans. Thus, we
further summarized the haplogroup distribution in the Chaoshan
area EC patients and EC high-risk populations from the Taihang
Mountain, Fujian, and Chaoshan areas according to southern
and northern haplogroup distributions among the general
Chinese population (Table 3).

Table 3 shows, in the Taihang Mountain area EC high-risk
populations, that the overall frequency of the northern Han
dominant haplogroups (A, C, D, G, M8a, Y, and Z) was 56.25%.
In striking similarity to this, the northern Han dominant
haplogroups constituted 66.67% of the Chaoshan area EC



Table 2
Haplogroup diversity in all populations in three studied areas

Haplogroup diversity

Taihang Mountain EC high-risk population 0.94236
Fujian EC high-risk population 0.95699
Chaoshan EC high-risk population 0.96859
Chaoshan area EC patients 0.92643

Table 3
The distribution of northern Han-dominating haplogroups and southern native-
dominating haplogroups among all populations in three studied areas

Haplogroup Taihang
Mountain
EC high-risk
population
(%) (n=48)

Fujian EC
high-risk
population
(%) (n=73)

Chaoshan
area EC
high-risk
population
(%) (n=89)

Chaoshan
area EC
patients
(%) (n=30)

A 6.25 8.22 7.87 0.00
C 6.25 5.48 3.37 3.33
Total haplogroup D 25.00 23.29 19.10 36.67
G* 10.42 1.37 5.62 6.67
M8a 6.25 4.11 4.49 10.00
Y 2.08 0.00 3.37 0.00
Z 0.00 1.37 3.37 10.00
Total northern
Han dominant
haplogroups

56.25 43.84 47.19 66.67

Total haplogroup B 18.75 13.70 17.98 13.33
Total haplogroup F 12.50 15.07 10.11 3.33
N9a 4.17 4.11 3.37 0.00
R9a 0.00 2.74 4.49 0.00
R9b 0.00 1.37 1.12 0.00
M7b 0.00 4.11 5.62 6.67
M7b1 0.00 6.85 2.25 0.00
Total southern
native dominant
haplogroups

35.42 47.95 44.95 23.34

Northern Han dominating haplogroups include haplogroups A, C, D, G*, M8a,
Y, and Z; southern native dominating haplogroups include haplogroups B, F,
N9a,R9a, R9b, M7b, and M7b1.
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patient haplogroups. However, in the Fujian and Chaoshan EC
high-risk populations, the overall frequencies of northern Han
dominant haplogroups were 43.84 and 47.19%, respectively,
while those of southern native dominant haplogroups were 47.95
and 44.95%, respectively. All of the seven southern native
dominant haplogroups, B, F, R9a, R9b, N9a, M7b, and M7b1,
were present in the Fujian and Chaoshan area EC high-risk
populations, whereas only three of them were found in the
Taihang Mountain EC high-risk population and Chaoshan area
EC patients. Of particular note, the highest frequency of
haplogroups (19.10–36.67%) shared by populations of all
three studied areas was haplogroup D (one of the northern Han
dominant haplogroups). Haplogroup D accounted for 36.67% of
the total haplogroups among the Chaoshan area EC patients,
followed by haplogroups Z, M8a, M7c, M7b, G, B5b, B4c1,
M7b2, F1a, and C. Haplogroup D in Chaoshan area EC patients
comprised mainly the subhaplogroups D4a and D5a (20 and
13.33%, respectively) (Table 1), and their total percentage was
significantly higher than that of the high-risk population in the
same area (χ2 =9.017, pb0.01).

PC analysis and correlation analysis of mtDNA data

All of the mtDNA haplogroup profiles identified in the
populations of all three studied areas (Table 1) plus 23 additional
Chinese Han population data items were treated as input vectors
for PC analysis. The PC map (Fig. 1) was constructed using the
first three principal components, which together accounted for
68% of the total variations. The PC map displays the genetic
divergence of populations of all three studied areas from other
Chinese populations. Those from the three studied areas clus-
tered together in the uppermost part of the PC map and were
separated from other populations by the second principal
component (PC2). Northern Han Chinese, labeled using white
squares in the PC map, clustered together, and southern Han
Chinese, labeled using black squares, formed two clusters with
one including Han Chinese from Zhejiang province, Hunan
province, and Zhanjiang of Guangdong province and another
comprising the rest of the southern Han Chinese.

We conducted a correlation analysis of haplogroup fre-
quency distributions between populations (Table 4). The results
showed that haplogroup frequency distribution in the Chaoshan
EC high-risk population was significantly positively correlated
to those in the Taihang Mountain and Fujian high-risk
populations and Chaoshan area EC patients, and correlation
coefficients were 0.446 (pb0.01), 0.610 (pb0.01), and 0.466
(pb0.01), respectively, higher than those between the Chaoshan
high-risk population and the 23 additional Chinese populations
mentioned above. Another significantly positive correlation
with pb0.01 was found between the Chaoshan EC high-risk
population and the Xi’an population (correlation coefficient
0.404). The Xi’an population belongs to the ancient northern
Hans in China.

Network analyses for haplogroup D

Fig. 2 displays the haplogroup D network. According to the
phylogenetic tree of East Asian mtDNAs [17], the “OUT” was
defined by site 16362 of the hypervariable segment I (HVS-I)
and haplogroup D was defined under the OUT. The ancestral
node leading to the OUT was represented by two Taihang
Mountain EC high-risk individuals, three Chaoshan high-risk
individuals, two Liaoning Han individuals, and one Gansu Han
individual. All of the other haplogroup D individuals came from
this ancestral node. The ancestral node was connected to two
one-step neighbors, with one neighbor representing one
Taihang Mountain high-risk individual above it and another
representing one Taihang Mountain and two Fujian high-risk
individuals below. The remaining nodes representing Chaoshan,
Fujian, and Taihang Mountain high-risk individuals and Chao-
shan area EC patients were generated largely by these two one-
step neighbors and thus were clustered mainly in two areas
above or below the ancestral node (these two areas are circled in
Fig. 2). The ancestral node-derived haplogroup D individuals
from the northern Han Chinese (from Liaoning, Inner Mongolia,
and Gansu provinces) and southern natives (including Hmong,



Fig. 1. The principal component analysis of mtDNA haplogroups among all populations in three studied areas and the Han Chinese populations derived from the major
regions in China. The Chaoshan area EC patients and three EC high-risk populations clustered together; the northern Han Chinese populations form another cluster.
However, the southern Han Chinese populations are divided into two clusters. Abbreviation of samples: XJ, Xinjiang; DL, Dlian; TA, Taian; QD, Qindao; SH,
Shanghai; XN, Xining; LN, Liaoning; IM, Inner Mongolia; XA, Xi’an; GS, Gansu; WC, Weicheng; ZJ, Zhejiang; HN, Hunan; ZHJ, Zhanjiang; JS, Jiangsu; AH,
Anhui; HZ, Huize; JX, Jiangxi; CT, Changting; KM, Kunming; GX, Guangxi; GZ, Guangzhou; HB, Hubei.
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Dai, and Mien ethnic groups) were located outside these two
areas.

Discussion

Daic ethnic groups formed the earliest settlement of the
Guangdong district of southern China in modern history.
According to historical records, before 216 BC the main natives
living in the Chaoshan littoral were the Minyue population, one
branch of the Daic ethnic groups [8]. The north-to-south
strategic expansion started by Emperor Qin Shi Huang initiated
a precedent for massive southward migrations of central China
Hans beginning in 216 BC. Gradually they became the major
population in the Chaoshan area, called Helao or Fulao, as they
came mostly from Henan and Shanxi via Fujian, with well-
maintained language and customs from north-central China
during the past 2000 years [8]. Geographic isolation plus
difficulty in traveling in the past made the Helao or Fulao
become a relatively closed population. Therefore, we put for-
ward a hypothesis that the Chaoshan littoral is an EC high-risk
area due to the common genetic background shared between the
Chaoshan population and those in north-central China. This
study provides genetic evidence supporting this hypothesis.

The genetic affinity among the Taihang Mountain, Fujian, and
Chaoshan EC high-risk populations and Chaoshan area EC
patients

Chinese Han populations are divided into two genetically
differentiated groups, northern Han and southern Han, by the
Yangtze River [21–24]. Historically the Hans originated from
the ancient Huaxia tribes of northern China. A study by Wen
et al. [20] demonstrated that Han expansion toward the south
was primarily because of massive southward movements of
northern Hans, not simply because of Han cultural southward
diffusion and assimilation. During the expansion process, gene
flow between Hans and southern natives occurred to a certain
extent.

In the present study, we analyzed the distribution of northern
Han dominant haplogroups and southern native dominant haplo-
groups among all populations of the three studied areas (Table
3). Similar to the TaihangMountain EC high-risk population, the
Chaoshan area EC patients have northern Han dominant
haplogroups as their major haplogroups. Compared with the
Fujian and Chaoshan high-risk populations, the Chaoshan area
EC patients had fewer southern native dominant haplogroups.
Thus, the Chaoshan area EC patients appeared to have the
mtDNA haplogroup distribution of northern Hans. In contrast,
the Chaoshan high-risk population possessed maternal genetic
structures characterized by similar proportions of northern and
southern haplogroups, indicating exposure to more maternal
influence from southern natives compared with Chaoshan area
EC patients. The highest frequency of haplogroups shared by all
populations of the three studied areas was haplogroup D. The
frequencies of haplogroup D tended to decrease from north to
south, suggesting that the high frequency of haplogroup Dmight
be characteristic of northern Hans [18].

We further used PC analysis, correlation analysis, and net-
work analysis to compare the genetic relationship among all
populations of the three studied areas. PC analysis is a common
statistical method to study the resemblance of haplogroup
distribution among different populations. The closer the posi-
tions of two populations on the PC map, the more intimate the
genetic relationship between the two. Compared with other



Table 4
Correlation analysis on haplogroup frequency distributions between the
Chaoshan EC high-risk population and other populations (numbers represent
correlation coefficients)

Chaoshan EC high-risk population

Taihang Mountain EC high-risk population 0.446⁎⁎

Fujian EC high-risk population 0.610⁎⁎

Chaoshan area EC patients 0.466⁎⁎

Gansu 0.237
Liaoning 0.263
Dalian 0.269
Inner Mongolia 0.226
Xining 0.282
Qindao 0.338⁎

Taian 0.278
Xi’an 0.404⁎⁎

Xinjiang 0.386⁎

Anhui 0.349⁎

Changting 0.265
Guangxi 0.287
Hunan 0.241
Jiangsu 0.261
Jiangxi 0.107
Shanghai 0.207
Weicheng 0.264
Huize 0.330⁎

Zhejiang 0.322⁎

Guangzhou 0.121
Zhanjiang 0.130
Hubei 0.390⁎

Kunming 0.112

⁎ Correlation is significant at the 0.05 level.
⁎⁎ Correlation is significant at the 0.01 level
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Chinese Han populations, all populations of the three studied
areas clustered more closely in the PC map (Fig. 1), and
correlation analysis of haplogroup frequency distribution
documented that the matrilineal genetic structure of the
Chaoshan high-risk population was more similar to those in
the other two high-risk populations and EC patients. Network
analysis for haplogroup D (Fig. 2) suggested that the matrilineal
ancestral lineage of haplogroup D individuals existed in the
Taihang Mountain and Chaoshan high-risk individuals who
constituted the ancestral node, and the rest of the haplogroup D
individuals from the three studied areas were generated largely
by two one-step neighbors containing the Taihang Mountain
high-risk individuals. Therefore, we think that there is an
obvious matrilineal genetic affinity between the geographically
separated EC high-risk populations in China. Network analysis
documented that haplogroup D individuals of the Fujian and
Chaoshan high-risk populations and Chaoshan area EC patients
originated mainly from the Taihang Mountain EC high-risk
area, which is consistent with the migration history of the
Chaoshan population [8]. Part of the Taihang Mountain people
migrated to the Chaoshan area following a stay in Fujian. As
was recorded in pedigrees and ancient inscriptions, since the
Northern Song Dynasty, large numbers of southern Fujian
people, especially from Quanzhou and Putian, made settlements
toward Chaoshan in batches and soon spread all over the
Chaoshan area [25].
The main genetic background resulting in high incidence of EC
shared by the Taihang Mountain and Chaoshan populations

Recently, the role of mtDNA variation in the occurrence of
tumors has received increasing attention, and people have
detected mtDNA somatic mutations in many cancers, e.g., EC
[26–30], gastric cancer [27], and breast cancer [31]. However,
most studies focused on mtDNA somatic mutation; only a few
have investigated the maternal genetic background in cancer
formation. To explore whether EC shows strong mtDNA haplo-
group bias, our samples in this study contain 30 Chaoshan area
EC patients. Because the maternal genetic information in each
individual represents that of all family members with maternal
consanguinity, information provided by 30 patients was
sufficient for genetic background analysis.

We found that the haplogroup types identified in Chaoshan
area EC patients (13 haplogroups, see Table 1) were evidently
fewer than those in the three EC high-risk populations (21 in the
Taihang Mountain area, 29 in Fujian, and 31 in Chaoshan, see
Table 1), and haplogroup diversity of EC patients was also the
lowest (Table 2), indicating that the occurrence of esophageal
cancer is closely associated with certain mtDNA haplogroups,
rather than a random event.

The evidence provided in the present study does not support the
obvious association of southern native dominant haplogroups
with the high prevalence of EC in Chaoshan. Compared with the
other three populations, the southern native dominant haplogroups
identified in Chaoshan area EC patients showed the fewest types
and the lowest overall frequency (23.34%), which is by far lower
than the overall frequency (66.67%) of northern Han dominant
haplogroups (Table 3), and none of the southern native dominant
haplogroups possessed evidently higher frequency in Chaoshan
area EC patients. In contrast, the northern Han dominant
haplogroups, although fewer in type, showedmuch higher overall
frequency in Chaoshan area EC patients compared with the three
high-risk populations. This was due mainly to the obviously
higher haplogroup D frequency (36.67%) in EC patients. This
suggested that haplogroup D might be one of the main candidate
genetic factors associated with the high incidence of EC shared by
the Taihang Mountain and Chaoshan EC high-risk areas.

We thus put forward a “bottleneck effect” hypothesis, namely
that esophageal cancers do not occur randomly in the Chaoshan
EC high-risk population, but are closely associated with certain
types of northern Han dominant haplogroups, especially
haplogroup D, which makes the haplogroup types of EC
patients less diverse than those of EC high-risk population. The
majority of haplogroup D individuals in Chaoshan area EC
patients belonged to the D4a and D5a subhaplogroups, with the
total frequency of these two haplogroups significantly higher
than that in high-risk population in the same area. Therefore,
haplogroups D, especially D4a and D5a, are associated with the
high risk of EC in Chaoshan andmay represent candidate genetic
backgroundmarkers for screening individuals susceptible to EC.
We find only scant literature on maternal genetic background
and cancer formation. Haplogroup D was documented as likely
to play a genetic role in predisposing to endometrial cancer in
southwest China [32], haplogroup N is considered a risk factor



Fig. 2. Network analysis of haplogroup D. The ancestral node linked to “OUT” represents the ancestral origin of the haplogroup D population. The other nodes are
derived from the ancestral node. Individuals with the same HVS-I mutations are clustered into the same node and the node area is proportional to the number of
individuals in such node. Among the haplogroup D individuals of all populations in three studied areas, two Taihang Mountain EC high-risk individuals and three
Chaoshan EC high-risk individuals are clustered into the ancestral node, and the other haplogroup D individuals are largely clustered into the regions above or below
the ancestral node marked with a circle.
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for breast cancer and EC [33], and haplogroup U is associated
with increased risk of prostate cancer and renal cancer in white
North American individuals [34]. Therefore, this is the first
report of maternal genetic background documenting the
involvement of haplogroups D4a and D5a in carcinogenesis of
esophageal cancer. To explore this aspect further, a large-scale
study on EC patients and high-risk populations is warranted.

In summary, the matrilineal genetic structure study of the
Taihang Mountain, Fujian, and Chaoshan EC high-risk popula-
tions and Chaoshan area EC patients showed that our hypothesis
on the genetic background of the Chaoshan EC high-risk
population is relatively creditable. Chaoshan and the Taihang
Mountain EC high-risk populations might share similar matri-
lineal genetic backgrounds, andD4a andD5amight be candidate
genetic background markers for screening populations suscep-
tible to EC in the Chaoshan area.

Materials and methods

Samples

Blood samples of 240 unrelated adult male Han individuals from three EC
high-risk areas in China were collected from 2002 to 2004. Informed consent
was obtained from each individual. These included: (1) Chaoshan populations—
89 individuals without EC and 30 patients with pathologically confirmed EC
from the Chaoshan EC high-risk area; (2) a Fujian EC high-risk population—73
individuals without EC from the Fujian EC high-risk area (Minnan area); and (3)
a Taihang Mountain EC high-risk population—48 individuals without EC from
the Taihang Mountain EC high-risk area. Maternal genetic background
information from an individual represents that of all family members with
maternal consanguinity, and thus the sample size required in this kind of
population genetics study is far smaller than in other types of studies. A sample
size of more than 24 individuals can provide complete information, and a sample
size of more than 30 individuals qualifies as a big sample [35]. Because most
mtDNA mutations reflect mainly evolutionary information of human ethnic
groups from long ago, and were selectively neutral or near neutral [12,36], they
would not likely be influenced by age. Thus, we have taken no account of the
age of the subjects.

Typing of mtDNA polymorphisms

Genomic DNAwas extracted from whole blood by standard phenol/chloro-
form methods. The primer pair L15974 (TCCACCATTAGCACCCAAAG) and
H16488 (AGGAACCAGATGTCGGATACAG) was designed to amplify HVS-I
from the D-loop region of mtDNA in a 15-μl final volume. PCR was performed
using GeneAmp PCR System 2700 (Applied Biosystems, Foster City, CA, USA)
under the following conditions: an initial step of 94°C for 3 min followed by
30 cycles of 94°C for 30 s, 62°C for 40 s, and 72°C for 50 s and a final elongation
step of 72°C for 5 min. After purification and treatment with shrimp alkaline



Table 5
PCR primers, restriction enzymes, and the pattern of polymorphism for the six mtDNA coding region variations

Locus PCR primer pair Restriction endonuclease Wild type Mutation type

9-bp deletion L8215: 5′-ACAGTTTCATGCCCATCGTC3′- / No deletion Deletion
H8297: 5′-ATGCTAAGTTAGCTTTACAG-3′

9824 L9766: 5′-CATTTCCGACGGCATCTAC-3′ HinfI Cut (−) Cut (+)
H10165:5′-GGTGGATTTTTCTATGTAGCC-3′

4831 L4576:5′-AACATGCTAGCTTTTATTCCAG-3′ HhaI Cut (−) Cut (+)
H4841: 5′-AGAAGAAGCAGTCCGGATGT-3′

5176 L5126:5′-AACTTAAACTCCAGCACCAC-3′ AluI Cut (+) Cut (−)
H5464:5′-TAGGTAGGAGTAGCGTGGTA-3′

10310 L10310:5′-TGAGCCCTACAAACAACTAACAT-3′ NlaIII Cut (−) Cut (+)
H10310:5′-ATACCAATTCGGTTCAGTCTAATC-3′

10397 L10296: 5′-AAACAACTAACCTGCCACTA-3′ AluI Cut (−) Cut (+)
H10498: 5′-GAAGTGAGATGGTAAATGCT-3′
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phosphatase (SAP) and exonuclease I, the PCR products were subjected to direct
DNA sequencing using the Big-Dye Terminator v3.1 cycle sequencing kit and
ABI Prism 3100 genetic analyzer (Applied Biosystems).

In addition, based on the phylogenetic tree of East Asian mtDNAs [17], six
coding region variations, including the COII-tRNALys 9-bp deletion, 9824HinfI,
4831HhaI, 5176AluI, 10310NlaIII, and 10397AluI, were genotyped using the
PCR-based restriction fragment length polymorphism method. PCR primers,
restriction enzymes, and the pattern of polymorphism for these six variations are
listed in Table 5. All primers were synthesized by Sangon Co. Ltd., Shanghai,
China. Restriction endonuclease, SAP, and restriction exonuclease were pur-
chased from New England Biolabs (Beverly, MA, USA).

Data analysis

The sequence of HVS-I was aligned and analyzed with DNA STAR and
BioEdit software and compared with the revised Cambridge Reference Sequence
[37]. Based on the phylogeny of East Asian mtDNAs [17], both the HVS-I motif
and the coding region variations were used to infer mtDNA haplogroups. The
mtDNA haplogroup can be understood as a monophyletic clade in the rooted
mtDNA phylogenetic tree, i.e., a group of haplotypes that comprises all
descendants of their most recent common ancestor, as inferred from the shared
mutations [38]. For example, East Asian mtDNAs belong to two super-
haplogroups, M and N; M is subdivided into five major subhaplogroups D, G,
M8, M7, and M9, and D further encompasses D4 and D5 [17].

The genetic relationship among all populations in the three studied areas was
investigated by PC analysis, which was conducted using SPSS11.5 software
(SPSS, Inc.) based on the frequencies of all mtDNA haplogroups identified in this
study (see Table 1). In addition, previously published mtDNA haplogroup data
from 23 Chinese Han populations [18] were also included in the PC analysis for
comparison. These Han populations are representative of all major regions in
China. PC analysis is the classical technique to reduce the dimensionality of the
data set by transforming a new set of variables to summarize the features of the data.

The highest haplogroup frequency shared by all populations in the three
studied areas was haplogroup D. The network for haplogroup D was further
constructed using Network 4.1.0.8 software (www.fluxus-engineering.com)
based on all of haplogroup D (including D*, D4a, D4b, D5, D5a) individual
HVS-I sequences for analyzing the origin of D individuals among the EC high-
risk areas. In addition, haplogroup D data from Han Chinese populations in the
northern part of China (Liaoning, Inner Mongolia, and Gansu provinces) and the
southern China non-Han Chinese populations, including Hmong nationality, Dai
nationality, and Mien nationality (provided by the State Key Laboratory of
Genetic Engineering and Center for Anthropological Studies, School of Life
Sciences, Fudan University), were included for comparison. In the network map,
individuals with the same mutations of HVS-I were present in the same node and
one node can generate other nodes below due to gradual mtDNA mutations.

Moreover, correlation analysis and χ2 test were performed using SPSS11.5
software (SPSS, Inc.). Haplogroup diversity was estimated based on the formula

h ¼ ðn=n� 1Þ
�
1�

X
i

p2i

�
,

where pi is the sample frequency of the ith haplogroup and n is the number of
individuals in the sample [39].
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