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ABSTRACT

We investigated the migration patterns of hepatitis C virus (HCV) in China. Partial E1 and/or NS5B sequences from 411 volunteer
blood donors sampled in 17 provinces and municipalities located in five large regions, the north-northeast, northwest, southwest, cen-
tral south, and southeast, were characterized. The sequences were classified into eight subtypes (1a, n = 3; 1b, n = 183; 2a, n = 83; 3a,
n = 30; 3b, n = 44; 6a, n = 55; 6n, n = 10; 6v, n = 1) and a new subtype candidate. Bayesian evolutionary analysis by sampling trees of
the E1 sequences of the five major subtypes revealed distinct migration patterns. Subtype 1b showed four groups: one is prevalent na-
tionwide with possible origins in the north-northeast; two are locally epidemic in the central south and northwest, respectively, and
have spread sporadically to other regions; and the fourth one is likely linked to the long-distance dispersion among intravenous drug
users from the northwest. Subtype 2a showed two groups: the larger one was mainly restricted to the northwest and seemed to show a
trend toward migration via the Silk Road; the smaller one was geographically mixed and may represent descendants of those that
spread widely during the contaminated plasma campaign in the 1990s. Subtype 3a exhibited three well-separated geographic groups
that may be epidemically unrelated: one showed origins in the northwest, one showed origins in the southwest, and the other showed
origins in the central south. In contrast, subtype 3b had a mixture of geographic origins, suggesting migrations from the southwest to
the northwest and sporadically to other regions. Structurally resembling the tree for subtype 3a, the tree for subtype 6a showed four
groups that may indicate migrations from the central south to southeast, southwest, and northwest. Strikingly, no subtype 6a strain
was identified in the north-northeast.

IMPORTANCE

With a population of greater than 1.3 billion and a territory of >9.6 million square kilometers, China has a total of 34 provinces
and municipalities. In such a vast country, the epidemic history and migration trends of HCV are thought to be unique and com-
plex but variable among regions and are unlikely to be represented by those observed in only one or at best a few provinces and
municipalities. However, due to the difficulties in recruiting patients, all previous studies for this purpose have been based only
on data from limited regions, and therefore, geographical biases were unavoidable. In this study, such biases were greatly re-
duced because we utilized samples collected from volunteer blood donors in 17 provinces and municipalities. To our knowledge,
this is the first study in which the HCV isolates represented such a large portion of the country, and thus, the results should shed
light on the current understanding of HCV molecular epidemiology.

H epatitis C virus (HCV) is a single-stranded positive RNA vi-  cinoma (8). Among populations and geographic regions, the fre-
rus that has been categorized into the Hepacivirus genus of  quency of HCV infection varies considerably, with Asia displaying
the Flaviviridae family. Taxonomically, the virus is classified into  significantly higher levels than the global average (9). China is a
six confirmed genotypes and one provisional genotype, while each
genotype, except for genotypes 5 and 7, is further divided into a

number of subtypes (1). Different genotypes have shown distinct Received 9 February 2014 Accepted 25 March 2014

geographic distribution patterns. In general, genotypes 1, 2, and 3 Published ahead of print 9 April 2014

are prevalent worldwide, while genotypes 4 and 5 are primarily LS s

restricted to Africa (2) and genotype 6 is endemic to Southeast Address correspondence to Yongshui Fu, fuyongshui@sina.com, or Ling Lu,

Asia (3-6). However, such patterns are constantly evolving as a llu@kumc.edu.

result of modern transmission and global travel. Supplemental material for this article may be found at http://dx.doi.org/10.1128
HCV has caused infections in an estimated 170 million people /IV1.00414-14.

worldwide, or 3% of the global population (7). In approximately Copyright © 2014, American Society for Microbiology. All Rights Reserved.

70% to 85% of the infected individuals, the infections are charac- doi:10.1128/JV1.00414-14

terized by the establishment of chronic hepatitis, which produces The authors have paid a fee to allow immediate free access to this article.

a major risk of developing liver cirrhosis and hepatocellular car-
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major Asian country with over 1.3 billion people where the fre-
quency of HCV infection has been reported to be 3.2% overall and
3.1% in rural areas (10, 11). Namely, over 40 million people in
China are infected with HCV, but the historical reasons for this
high HCV prevalence and the migrations that have affected the
current HCV genotype distribution patterns are not fully under-
stood.

Although six genotypes (genotypes 1 to 6), 18 subtypes (sub-
types 1a, 1b, 1, 2a, 2b, 2f, 3a, 3b, 4d, 5a, 64, 6e, 6g, 6k, 61, 6u, 6V,
and 6w), and a number of unassigned variants have been detected
in China, over 95% of these isolates belong to five major subtypes:
1b, 2a, 3a, 3b, and 6a (12-19). Among them, subtype 1b is pre-
dominant nationwide, accounting for approximately 75% of all
HCYV infections, and this is followed by 2a. However, in Guang-
dong Province, in the south, 6a is increasingly prevalent (51.5%
among HCV-infected intravenous drug users [IDUs], 49.7%
among HCV-infected volunteer blood donors, and 17.1% among
HCV-infected patients with chronic liver disease) and has re-
placed 2a as the second predominant subtype (12-14). On the
other hand, in Yunnan Province, in the southwest, genotype 3 is
thriving and cocirculating with multiple different HCV lineages
(17). Because the 6a sequences detected in Vietnam are more di-
verse than those characterized in China, we performed a Bayesian
evolutionary analysis by sampling trees (BEAST) of the 6a se-
quences from both countries and found that the ancestral origin of
6a was in Vietnam and that it was subsequently introduced into
China. With the sequences sampled from different provinces, we
further demonstrated that 6a has recently disseminated from
Guangdong Province to other provinces. However, such a migra-
tion pattern appears to have been restricted to the southern half of
China (12). Based on a collection of HCV sequences representing
subtypes 1b, 2a, 3a, 3b, and 6a obtained in our previous studies, we
performed BEAST to correlate these HCV strains with significant
historical events. The explosive population growth of these five
major subtypes of HCV in China was consistently shown to have
occurred from 1993 to 2000. This corresponds to a period during
which contaminated blood transfusions were common, largely
due to a procedural error in an officially encouraged plasma cam-
paign. Using a parametric model, we estimated the HCV popula-
tion growth rates during this period and suggested that certain
barriers to efficient viral transmission were removed, allowing na-
tionwide dissemination (20). Although these findings support the
belief that the plasma campaign founded the high HCV preva-
lence in China, the current HCV genotype distribution patterns
could also have been affected by subsequent human migrations.
For example, there has been a recent tide of migration toward the
coastal regions, where fast economic development has led the eco-
nomic growth in the country for decades and therefore attracted
millions of migrants and immigrants. We hypothesized that such
changes to the HCV genotype distribution pattern can be vitally
reflected in phylogeographic trees reconstructed using the se-
quences of the five major HCV subtypes sampled from various
provinces. By applying the Markov chain Monte Carlo (MCMC)
algorithm implemented in BEAST software, we can retrospec-
tively estimate these changes.

As the third largest country in the world by land area, China has
a total of 34 province-level administrative units, which include
four municipalities, 22 provinces, five autonomous regions, two
special administrative districts (Hong Kong and Macao), and the
island of Taiwan. Over such a vast territory, the origins and epi-
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demic histories of various HCV strains are thought to be unique
and complex but variable among regions and are unlikely to be
represented by those observed in only one or at best a few admin-
istrative units. However, due to the difficulties involved with the
collection of samples from most of these regions, all previous
studies for this purpose have been based on data from only limited
areas (12-15, 17, 21). For a better representation, here we utilized
samples collected from volunteer blood donors in 17 such prov-
ince-level regions of China. To our knowledge, this is the first
study in which the HCV isolates studied represented such a large
portion of the territory of China, and thus, this study should shed
light on the current understanding of the HCV molecular epide-
miology in the country.

MATERIALS AND METHODS

Subjects and specimens. Serum samples were kindly provided by blood
centers in 17 provinces and municipalities located in five larger regions:
the north-northeast, northwest, southwest, central south, and southeast
(Fig. 1). All samples were collected from HCV-infected volunteer blood
donors identified during mandatory screening for hepatitis B virus, HCV,
and HIV-1 prior to blood donation. The collection process was completed
during blood donation campaigns implemented from January 2007 to
April 2010. Only those samples that tested positive for HCV RNA were
retained, while all others were discarded. This resulted in samples from a
total of 411 donors being included in this study. The study was approved
by the ethical review committee of the Guangzhou Blood Center. The
guidelines set by this committee were strictly followed.

Sequence amplification and phylogenetic analysis. Partial HCV se-
quences in two routinely amplified regions, E1 and NS5B, were character-
ized as previously described (12, 13, 15). They correspond to nucleotides
739 to 1310 and 8267 to 8630, respectively, in the H77 genome. After the
sequences were determined, they were aligned using BioEdit software
(http://www.mbio.ncsu.edu/bioedit/). Prior to phylogenetic tree recon-
struction, the best-fitting substitution model was selected using the
jModeltest program on the basis of the Akaike information criterion (22).
Consistent with our recent results (12), GTR+I1+1I" was found to be the
best model for all of the sequence data sets. Under this model, the maxi-
mum likelihood (ML) trees were heuristically searched using the subtree
pruning and regrafting (SPR) algorithm and the nearest-neighbor inter-
change (NNI) perturbation algorithm implemented in PhyML software,
with which bootstrap analyses were performed in 500 replicates (23). Af-
ter NEXUS tree files were generated, the ML tree topology was displayed
using the FigTree program (3).

Phylogeographic tree analysis. The E1 sequences obtained were as-
sembled into five data sets, representing five major subtypes, subtypes 1b,
2a, 3a, 3b, and 6a. On the basis of these five data sets, Bayesian coalescent
analyses were performed individually using the MCMC algorithm imple-
mented in BEAST software (version 1.6.1). Briefly, the best combination
of the GTR+I+I" substitution model, the Bayesian skyline coalescent
model, and the uncorrelated exponential clock model was selected be-
cause this combination always outperformed other combinations (3, 12).
However, an evolutionary rate of 1.02 X 10> + 2.03 X 10> substitution
per site per year was used as the prior rate. This rate was determined in one
of our recent studies using a group of subtype 1b sequences from the same
genomic region analyzed in this study (24). After these parameters were
set in the BEAUTi program, XML files were generated and applied to
BEAST software for analysis. The latter ran MCMC processes for each of
300 million states and generated a tree for every 10,000 states. To assess the
sampling convergence of the MCMC procedures, the estimated effective
sampling sizes (ESSs) were evaluated. In this study, when all of the ESSs
were =200, sufficient sampling was considered to have been achieved.
The program Tracer (version 1.5) was used to interpret the MCMC chains
and output the posterior trees. To generate phylogeographic trees in a
decreasing node order, all the branches were positioned so that the shorter
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FIG 1 A map highlighting the 17 provinces and municipalities where the HCV samples were collected from volunteer blood donors. For easier distinction, the
17 provinces and municipalities were divided into five larger regions: (i) the north-northeast (Beijing, Shanxi, and Liaoning), (ii) the northwest (Xinjiang,
Qinghai, and Shaanxi), (iii) the southwest (Sichuan, Yunnan, and Guangxi), (iv) the central south (Hunan, Hubei, Guangdong, and Hainan), and (v) the
southeast (Fujian, Jiangxi, Zhejiang, and Shanghai). Accordingly, five colors, red, yellow, indigo, green, and blue, were used to mark these five regions on the map,

and this color scheme is indicated above the map.

the branches were, the higher they were positioned in the tree and vice
versa. The resulting posterior tree files were deciphered using the FigTree
program.

Nucleotide sequence accession numbers. The nucleotide sequences
reported in this study were deposited in GenBank with the following ac-
cession numbers: KF585503 to KF586331.

RESULTS

HCYV sequencing. In this study, partial sequences of the E1 and
NS5B regions were successfully amplified from 411 and 405 do-
nors, respectively, and sequenced. The resulting sequences were
classified into eight HCV subtypes, in addition to a new subtype
candidate. Among them, subtype 1b was predominant (183 E1
sequences and 181 NS5B sequences were of this subtype), fol-
lowed by subtypes 2a (83 E1 sequences and 82 NS5B sequences),
6a (55 E1 sequences and 53 NS5B sequences), 3b (44 sequences for
each region), 3a (30 sequences for each region), 6n (10 sequences
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for each region), la (3 E1 sequences and 2 NS5B sequences), and
6v (1 sequence for each region). The number of donors recruited
in each province where the HCV subtypes were characterized is
shown in Table 1 and Fig. 1.

Two isolates might have been a new subtype of genotype 6.
This was determined by coanalyses with reference sequences from
all assigned subtypes and unclassified variants of genotype 6. Be-
cause the sequences of the two variants showed substantial genetic
differences from all of the reference sequences, the variants may
have qualified as a new subtype. However, three closely related
isolates were not identified and a full-length genome was not char-
acterized; therefore, a new subtype designation was not assigned
(data not shown) (21).

Phylogenetic analysis. A circular phylogenetic tree and a to-
pology tree are shown in Fig. 2. Both trees were reshaped from an
ML tree (not shown) reconstructed using the 411 E1 sequences
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determined in this study. They revealed a considerable diversity of
HCV isolates representing eight subtypes and a new subtype can-
didate. In the circular tree, sequences of the same subtypes were
grouped closely, and subtypes differed from each other consider-
ably. When sequences formed clusters at the subtype level, signif-
icant bootstrap support of =84% was shown in the topology tree.

Figure S1 in the supplemental material shows two ML trees.
They were reconstructed using 183 sequences of the E1 region and
181 sequences of the NS5B region that were all classified as sub-
type 1b. These two trees were consistent, as sequences of identical
isolates were classified at similar positions, verifying the reliability
of the sequencing results. In both trees, four major groups, groups
A, B, C, and D, were indicated. In the E1 tree, the four groups
showed bootstrap support values of 67%, 72%, 94%, and 76%,
respectively, while in the NS5B tree, the bootstrap support values
were 72%, 66%, 54%, and 80%, respectively. Among these four
groups, groups A and B have been described previously (15), while
groups C and D were newly designated in this study. Consistent
with our previous reports (13), group A contained subtype 1b
isolates from all provinces but Qinghai. In contrast, group B con-
tained sequences mostly from the central south and was inter-
spersed with a few sequences from other regions. The same was
observed for group C, but with the majority of the sequences in
group C being from the northwest.

Figure S2A in the supplemental material presents two ML trees
reconstructed for the 83 subtype 2a isolates detected: one with the
E1 sequences and the other with the NS5B sequences. As shown in
both trees, a large fraction of these isolates were from the north-
west. The E1 tree was divided into two groups, groups L and S, but
only group S showed a significant bootstrap support of 92%.
However, in the NS5B tree, the two groups appeared to be insep-
arable. A finding that was consistent between the two trees was the
inclusion of sequences mostly from the northwest in group L. In
contrast, the sequences in the rest of the tree appeared to show a
mixture of geographic origins. Regardless, these findings were not
supported by significant bootstrap support.

For a better comparison, sequences of both subtype 3a and
subtype 3b were presented in combined trees (see Fig. S2B in the
supplemental material). Although three groups were observed for
subtype 3a, they showed no significant bootstrap support. Among
the three groups, one included sequences mostly from the north-
west, one included sequences mostly from the southwest, and the
third one included sequences mostly from the central south. In
contrast, the subtype 3b sequences appeared to be more mono-
phyletic. A common feature of both the 3a and 3b subtypes is that
they more frequently originated in the northwest, southwest, and
central south than in the north-northeast and southeast.

Compared to the geographic sources of the above-mentioned
subtypes, the majority of subtype 6a sequences were from the cen-
tral south, a few were from the southwest and southeast, and fewer
still were from the northwest. Strikingly, no subtype 6a isolates
were from the north-northeast. Three previously denoted groups,
groups I, IT, and III (12, 13), were observed in the E1 tree but had
bootstrap support values of only 27%, 57%, and 58%, respec-
tively. However, in the NS5B tree, these three groups were insep-
arable. A small number of subtype 6n isolates were identified, and
they appeared to be very closely related genetically (see Fig. S2C in
the supplemental material).

Phylogeographic analysis. To show the differences in the time
of divergence among the HCV subtypes characterized, time-
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FIG 2 (A) Circular form of a phylogenetic tree based on the partial E1 sequences amplified from the 411 blood donors. Different subtypes are shown in different
colors, as indicated on the left of the tree. A horizontal ruler with a length of 0.1 nucleotide per site is shown at the bottom of the tree as a guide to measure the
genetic distances. The pie chart inside the tree indicates the percentages of the different HCV subtypes (indicated in the same color coding used for the circular
tree) into which the 411 isolates were classified. (B) Topology tree converted from the circular form of the tree shown in panel A. Each branch represents a single
subtype or equivalent and is labeled to the right with the number of isolates in parentheses and at the top with the level of bootstrap support; otherwise, a branch

represents a single isolate.

scaled phylogenetic trees were reconstructed after sampling the
411 E1 sequences using BEAST software (25). Five trees represent-
ing subtypes 1b, 2a, 3a, 3b, and 6a, respectively, were generated.
Because information about their geographic origins was also pro-
vided, these time-scaled trees represent phylogeographic trees.
Figure 3 presents a phylogeographic tree reconstructed on the
basis of the 183 E1 sequences of subtype 1b. Four groups, groups
A, B, C, and D, were indicated, showing significant posterior prob-
abilities 0f 0.79, 0.99, 1.00, and 1.00, respectively. Compared with
the phylogenetic tree shown in Fig. S1 in the supplemental mate-
rial, here, the time-scaled tree displayed the geographic distribu-
tion patterns and migration trends more robustly, with the Bayes-
ian analysis providing additional support to validate the tree’s
topology. The sequences in group A presented a substantial mix-
ture of geographic origins, and group A included sequences from
all provinces but Qinghai. Within this group, subsets characteris-
tic of origins in single geographic regions were observed, but they
showed no significant posterior values. As a whole, group A
seemed to indicate a trend of subtype 1b migration from the
northern half to the southern half of China, but it more likely
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suggests a simultaneous dissemination nationwide. In contrast,
group B featured sequences mainly from the central south, in par-
ticular, Guangdong Province, indicating that 1b strains are locally
epidemic in this region and occasionally spread to other regions.
Compared with groups A and B, group D and, especially, group C
were characterized by sequences mostly from the northwest. Both
group C and group D are geographic lineages that were newly
identified in this study. Two additional groups appeared between
groups A and D, but the posterior probabilities were not signifi-
cant; they included sequences mostly from the north-northeast.
Excluding subtype 1b, phylogeographic trees for the other four
HCV subtypes are all shown in Fig. 4. As mentioned above, in the
phylogenetic tree for subtype 2a (see Fig. S2 in the supplemental
material), two groups were visible, but they had no significant
bootstrap support. However, in the phylogeographic tree pre-
sented here, these two groups showed significant posterior prob-
abilities of 0.96 and 1.00. The larger group had the majority of its
sequences originating in the northwest, while the smaller one dis-
played branches with sequences with a mixture of geographic or-
igins. Between these two groups, dozens of sequences formed five
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FIG 3 Phylogeographic tree estimated with the E1 sequences of subtype 1b isolates. Branches are colored according to their geographic origins, indicated in the
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were colored in gray; otherwise, the internal branches were colored the same as the ending branches. This rule was also applied to the tree in Fig. 4. Posterior
probabilities of >0.70 are shown at the respective nodes. Below the tree is a time scale from 1950 to 2010, which indicates the time of HCV origin and evolution.
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other loose groups, but they were not geographically related and
showed no significant posterior probabilities. This may indicate
randomly sampled isolates.

Compared to the two trees described above for subtypes 1b and
2a, the tree reconstructed for the subtype 3a sequences appeared
to be very clean and structured in an orderly manner, showing
three clearly separated geographic groups, in addition to a single
branch. The three groups each contained sequences originating
almost exclusively in a single geographic region, the northwest,
southwest, or central south, and each had a full posterior proba-
bility of 1.00. Among these sequences, only one sequence was from
the north-northeast and two sequences were from the southeast.

In contrast to subtype 3a, the phylogeographic tree for subtype
3b showed sequences with a greater mixture of geographic origins.
The tree could roughly be divided into two subsets. The smaller
subset was located at the tree base and contained only two
branches but showed a full posterior probability of 1.00. With a
less significant posterior probability of 0.62, the larger subset ap-
peared to show a migration trend from the southwest to the north-
west and sporadically to the central south, with a few migrations to
the north-northeast and the southeast. Within this subset, three
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groups could be further classified and showed posterior probabil-
ities of 0.66 to 1.00. Among them, the lower two groups were
characterized by almost exclusive origins in the southwest, while
the upper group showed substantial geographic interspersion.

The phylogeographic tree reconstructed for subtype 6a ap-
peared to largely resemble that for subtype 3a; however, it in-
cluded more sequences. Most of the sequences were from the cen-
tral south, and all were segregated into four groups. Of these
groups, three groups, corresponding to groups I, I, and I1I, which
we recently numbered (13), showed full posterior probabilities of
1.00. On the basis of this tree only, the migration trend appeared
to have been from the central south to the southeast, followed in
frequency by that to the southwest and to the northwest. Strik-
ingly, no subtype 6a isolates were identified in the north-north-
east.

DISCUSSION

In this study, phylogeographic trees were reconstructed for HCV
subtypes 1b, 2a, 3a, 3b, and 6a. The tree for 1b showed four major
groups, groups A, B, C, and D, characteristic of different geo-
graphic distribution patterns and migration trends. Except for

Journal of Virology


http://jvi.asm.org

group A, which contained sequences with a substantial mixture of
geographic origins, indicating its nationwide prevalence, the other
three groups each contained sequences mostly from a single re-
gion. Group B was more prevalent in the central south and fre-
quently spread to other regions, and both group C and group D
were more common in the northwest and occasionally appeared
outside that region. In one of our earlier studies, we included the
worldwide subtype 1b sequences in a coanalysis (15) in which we
first designated groups A and B, which are both unique to China.
In this study, we found that groups C and D are also unique to
China. We further revealed that eight sequences from patients
(sequences with GenBank accession numbers AY835104, AY835105,
AYB835106, AY835107, JX676856, JX677041, JX676903, and
JX677124) and two from blood donors (sequences with GenBank
accession numbers GQ205717 and GQ205748) in our other stud-
ies (4, 6, 12) were classified into group C, while 13 IDU sequences
detected in Xinjiang (from isolates XJB2, XJB8, XJB9, XJB12,
XJB13, XJB16, XJB17, XJB21, XJB27, XJB31, XJB34, XJB38, and
XJXU2) (26) and four sequences detected from IDUs in Hubei
(sequences with GenBank accession numbers EF185933, EF185970,
EF185990, and EF185989) (27) were classified into group D (see
Fig. S3 in the supplemental material). These results seem to indi-
cate that groups A, B, and C may include sequences from the
general population of China and likely represent naturally trans-
mitted subtype 1b strains. However, group D may preferentially
include isolates from the IDU network.

Likely due to independent evolution, varied selective pressures,
and differences in living and environmental conditions and trans-
mission routes, different subtype 1b strains could have been se-
lected in different geographic regions or different population sub-
sets. Some strains, such as group A isolates, may have been highly
selected for and widely spread in a dense manner. Some strains,
such as group B and C isolates, may have predominantly circu-
lated in certain regions due to a better geographic fitness for those
regions. Other strains, such as the group D isolates, may have
acquired a propensity for being transmitted via the IDU network.

The phylogeographic tree for subtype 2a showed two statisti-
cally well supported groups. The larger one featured sequences
almost exclusively sampled in the northwest, while the smaller one
showed sequences with a mixture of geographic origins. The for-
mer may suggest a common source of 2a strains that have been
selected and highly disseminated in the northwest for some his-
torical reasons. However, likely due to temporal or spatial restric-
tions, those strains have not been transmitted nationwide. In con-
trast, the smaller group may indicate descendants from a single
lineage that is evolutionarily younger but has spread more widely
at a lower density. Inclusion of the 2a sequences from a previous
study indicated that the smaller group is closely related to a col-
lection of 2a isolates sampled from the former commercial plasma
donors who had played active roles in a contaminated plasma
campaign in China during the 1990s (see Fig. S3 in the supple-
mental material) (28). Those 2a isolates could represent descen-
dants from that epidemic event.

The first report about the HCV genotype distribution in China
revealed that subtype 2a represented the second major HCV sub-
type (21). This situation persisted to 2002, when we showed that
2a was the second most predominant subtype in cities in the
northern part of the country. However, this was not the case in
cities in the southwest and south, where the percentages of other
HCV subtypes appeared to be high (15, 17). In the present study,
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we also found that 2a represented the first major subtype among
the volunteer blood donors in Shaanxi Province, accounting for
46.94% (23/49 donors), and the second major subtype among the
donors in Xinjiang Province, accounting for 31.34% (21/67 do-
nors). Although the percentages of subtype 2a were also very high
in Beijing (10/24 donors, 41.67%) and Shanghai (6/23 donors,
26.08%), these are both centralized municipalities in China in
which considerable portions of their inhabitants come from
around the country. Why some 2a strains are predominant yet
restricted to the northwest may be ascribed to sampling bias; i.e.,
only convenience samples other than the population-based sam-
ples were analyzed in this study. Nevertheless, Xinjiang Province is
an autonomous administrative region in China that features a
variety of ethnic minorities. These minorities are diverse and have
unique cultures, traditions, and living behaviors which are mark-
edly different from those of people living in other regions. More
importantly, Xinjiang Province borders Central Asian countries,
in particular, Afghanistan, which has been known to be a global
drug manufacturing center in recent decades. Overland drug traf-
ficking routes have been indicated to run from Afghanistan and
across China (29), overlapping the ancient Silk Road. Through
Xinjiang Province, this Silk Road used to link Central and Western
Asia to Xi’an City, the capital of ancient China, which is now the
capital city of Shaanxi Province, where we obtained 49 samples for
this study. Reports have shown the dissemination of HIV-1 and
HCYV strains from Western and Central Asian countries to China
via these drug trafficking routes (26, 30). This may alternatively
explain why in the present study many subtype 2a strains isolated
from volunteer blood donors in the two provinces of Xinjiang and
Shaanxi were closely related, even though the provinces are geo-
graphically separated.

The phylogeographic tree for subtype 3a showed three clear
separate geographic groups: one had origins almost exclusively in
the northwest, one had origins almost exclusively in the south-
west, and the third one had origins almost exclusively in the cen-
tral south. In contrast, only one isolate had its origin in the north-
northeast, and two had their origins in the southeast. This pattern
supports the hypothesis that subtype 3a could have been intro-
duced into China from different neighboring countries. In addi-
tion, the three groups showed common ancestors of similar ages
and were led by internal branches that were well separated. This
may indicate that these three groups represent three unrelated
lineages that diverged before their introduction into China.

In contrast to the tree for subtype 3a, the phylogeographic tree
for subtype 3b showed sequences with a mixture of geographic
origins, to a certain extent. This indicates a trend for migration
from the southwest to the northwest and sporadically to the cen-
tral south, with a few spills into the southeast and the north-north-
east. In relation to a previous finding that 3b was detected more
often among IDUs than among other people (31), we may specu-
late that its migration from the southwest to other regions was
primarily by transmission via the IDU network. This is consistent
with the known drug trafficking routes in Yunnan Province that
link the Golden Triangle in Southeast Asian countries to China
(17,27,31). This is also consistent with the finding that IDUs have
played important roles in mediating the migration of HIV-1
across China (32).

The phylogeographic tree for subtype 6a appears to show a
trend for migration from the central south to the southeast, fol-
lowed in frequency by that to the southwest and to the northwest.
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Strikingly, no 6a isolates were identified in the north-northeast. It
has been estimated in one of our recent studies that the origin of 6a
in China was Vietnam (12). From Vietnam, 6a was first intro-
duced to the southwest provinces of China and then disseminated
to Guangdong Province in the south, where 6a became locally
epidemic and then spread to other provinces (12). However, the
tree in this study appears to show that 6a had its origin in the
central south, particularly in Guangdong Province, whereupon
further spread to other regions, such as the southwest, later oc-
curred. Actually, this tree showed only the recent trend of 6a mi-
gration, because we did not include the sequences from earlier
studies (12, 31). Transmission via the IDU network could have
played a critical role in the earlier introduction of 6a from Viet-
nam to the southwest provinces of China and then to Guangdong
Province (12). However, the recent dissemination of 6a from the
central south, particularly from Guangdong Province, to other
regions may not be sufficiently explained by this transmission via
the IDU network because these 6a sequences were isolated from
volunteer blood donors who were not IDUs. Currently, Guang-
dong Province is playing a critical role in the economic develop-
ment of China. The fast economic development has attracted mil-
lions of migrant laborers and visitors from across the country. In
turn, these people have served as carriers for disseminating the 6a
viruses from Guangdong Province back to their hometowns
across the country (4, 5).

This report represents the largest of its kind conducted in
China. Compared to previous studies, the current one showed
strength in three aspects. First, the sequences analyzed represent
those of HCV strains that are currently prevalent in most parts of
China. As we know, with a population of greater than 1.3 billion
and a territory of over 9.6 million square kilometers, an extensive
survey of the molecular epidemiology of HCV across the country
is hard to achieve. For this reason, almost all previous studies were
based on data from single or at best a few provinces, and therefore,
statistical biases were unavoidable. However, in this study, such
bias was greatly reduced because half of the provinces of China
were represented. Second, in this study, all the samples were col-
lected from volunteer blood donors. Compared to previous stud-
ies that used samples from either IDUs, paid blood donors, or
patients with chronic liver disease, the results from this study will
better represent the otherwise healthy general population and nat-
ural HCV transmission. Third, with the exception of four samples,
all of the HCV isolates in this study were characterized using
sequences from two separate genomic regions, E1 and NS5B.
With this strategy, the genotyping and sequencing results were
reliably validated, as the criteria proposed in the recent consen-
sus paper on HCV classification and nomenclature were strictly
followed (2).
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