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Abstract

China has seen a massive resurgence of rabies cases in the last 15 years with more than 25,000 human fatalities. Initial cases
were reported in the southwest but are now reported in almost every province. There have been several phylogenetic
investigations into the origin and spread of the virus within China but few reports investigating the impact of the epidemic
on neighboring countries. We therefore collected nucleoprotein sequences from China and South East Asia and
investigated their phylogenetic and phylogeographic relationship. Our results indicate that within South East Asia, isolates
mainly cluster according to their geographic origin. We found evidence of sporadic exchange of strains between
neighboring countries, but it appears that the major strain responsible for the current Chinese epidemic has not been
exported. This suggests that national geographical boundaries and border controls are effective at halting the spread of
rabies from China into adjacent regions. We further investigated the geographic structure of Chinese sequences and found
that the current epidemic is dominated by variant strains that were likely present at low levels in previous domestic
epidemics. We also identified epidemiological linkages between high incidence provinces consistent with observations
based on surveillance data from human rabies cases.
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Introduction

Rabies is a fatal zoonotic disease, posing a severe public health

problem with more than 55,000 human rabies deaths occurring

annually. 99% of all fatalities occur in developing countries [1,2]

and Asia accounts for 80% of the worldwide total [3]. After India,

China reports the second highest number of human cases, with

more than 117500 recorded deaths since 1950 and three major

epidemics (1956–1957, 1980–1990 and 1997 to the present day)

[3,4]. In the majority of cases in Asia, the domestic dog acts as the

main reservoir for rabies transmission, with 85%–95% of human

rabies cases ascribed to dog bites [5,6] which in turn is a

consequence of poor dog population control.

Rabies virus (RABV) belongs to the genus Lyssavirus, family

Rhabdoviridae. Previous studies indicate that globally there are six

distinct clades: Africa2, Africa3, Indian subcontinent, Arctic

related, Cosmopolitan and Asian, with the last four lineages

circulating in the Asia region [7,8]. The Indian subcontinent clade

is confined to Sri Lanka and southern India, while the arctic-

related clade is widely distributed, spanning from far east Siberia

to western Asia including India, Pakistan and Iraq [8–10]. The

Asia clade is disseminated widely throughout Southeast Asian

countries including China, Vietnam, Thailand, Cambodia,

Philippines, Myanmar and Laos [7,8].

In recent years, several studies involving phylogenetic analysis of

RABVs have provided some insight into the evolutionary diversity

of the rabies virus within China and the association with the strains

in neighboring countries. In particular, previous findings indicate

that RABVs from China are closely related to those from

neighboring countries, possibly sharing a common ancestor

[7,11–14]. However, despite the severity of the problem, there

has been no extensive investigation of the impact of the current

rabies epidemic in China on surrounding regions or, conversely,

the influence of these regions on the epidemic. Therefore, to

investigate this question further we conducted a comprehensive

phylogeographic analysis to explore the phylodynamics of rabies

isolates from China and neighboring countries.

Materials and Methods

Sample collection and sequencing
From 2003 to 2010, we collected dog brain samples from

provinces and municipalities in China where rabies was endemic

or emerging, with regions selected as described previously [15].

Specifically, there were two stages to the surveillance program. In

the first stage of the program the goal was to examine the infection

rate in the general dog population in high incidence regions. In

this stage, samples were collected from local meat markets. As dogs
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are brought to the meat market from the surrounding area (i.e. of

the order of a few square kilometres) and as there is no

transportation of dogs to other markets this represented a random

sample of the dog population for this region. In the second stage of

the surveillance program, isolates were primarily collected from

suspected rabid animals (wildlife or domestic) or human related

cases. All samples were tested for RABV using direct fluorescent

assay (DFA) as described previously [6]. Total RNA was extracted

by Trizol reagent (Invitrogen, Burlington, ON) according to the

manufacturer’s instructions. Based on this, 84 samples tested

positive for rabies virus. Complete RABV N (nucleoprotein) gene

sequences were determined using RT-PCR and sequencing

reactions as described elsewhere [8,16].

Selection of GenBank sequences
RABV sequences were collected from both China and

neighboring Asian countries and, based on the N sequence, six

different datasets were created that provided a compromise

between number of sequences, alignment length and range of

isolation date and geography. For the Asian phylogenetic analysis,

dataset 1 comprised 110 sequences, spanning the full 1350 bp of

the gene, dataset 2 consisted of 177 N sequences spanning

nucleotides 1032–1350 and dataset 3 consisted of 312 sequences

spanning nucleotides 64–399, two highly variable regions of the

gene. Two additional datasets were created to investigate the

relationship between isolates from China and countries close to its

southern border. Dataset 4 comprised sequences spanning

nucleotides 40–399 and dataset 5 contained sequences spanning

nucleotides 1033–1329. Finally, to explore the phylogenetic

diversity of RABVs in China, we retrieved all Chinese full length

N sequences from Genbank. After combining with our newly

acquired sequences and removing identical sequences from the

same province, we composed a sixth dataset of 232 complete

China N gene sequences (nucleotides 1–1353). A complete list of

the new sequences and their background information, together

with additional sequences retrieved from Genbank is given in

Table S1 and the composition of the datasets are summarized in

Table S2. A map of all geographic regions incorporated in the

study and the geographical location of all isolates in datasets 4 and

5 (generated using the Google Maps API) is shown in Figure 1.

Phylogenetic analysis of RABV in Asia
For each of the datasets 1–3, a maximum clade credibility (MCC)

rooted tree was constructed using the Bayesian Markov Chain

Monte Carlo (MCMC) methods implemented in the BEAST

package (v1.6.2) [17]. A relaxed (uncorrelated lognormal) clock

model, a general time-reversible nucleotide substitution model with

rate heterogeneity and an invariable sites (GTR+I+C4) model of

substitution determined by jModelTest [18], and a constant

coalescent model were used to conduct the analysis. For each

dataset, the MCMC analysis was run for 50 million generations to

ensure sufficient mixing. Convergence of parameters estimates was

checked using TRACER (http://beast.bio.ed.ac.uk/) and was

indicated by an effective sample size (ESS).200. From this

approach we derived the phylogenies of each dataset. Posterior

probability values were presented as indicators of nodal support.

Quantifying the extent of geographic structure of RABV
in Asia

To assess the geographic structure of RABV in Asia in a more

quantitative manner, we examined the posterior distribution of

genealogies within the trees produced in the previous step using

the Bayesian Tip-Significance testing (BaTS) software tool [19].

For datasets 1 and 2, sequences were assigned uppercase letters to

define their state according to their geographic location (See table 1

and table 2 for details). To determine the strength of geographical

association with sampling locations across the entire tree, BaTS

calculates the association index (AI) [20] and the parsimony score

(PS) [21], as well as the maximum monophyletic clade size (MC)

[19] to assess the correlation for specific locations. The PS score

takes a score between 1 and n, where n is the number of tips in the

tree; a PS of 1 corresponds to complete phylogeny-trait association

(a measure of the extent to which neighboring taxa in a

phylogenetic tree share a character of interest, in this case the

geographical location). The AI is a sum across all internal nodes

and is defined by

AI~
Xk

i~1

1{fi

2mi{1

Where fi is the frequency of the most common trait (here the

geographical location) among the tips subtended by node i, and mi

is the number of tips subtended by i, Low AI values correspond to

strong phylogeny-trait associations. The monophyletic clade (MC)

statistic provides a measure of the phylogeny-trait correlation for

each trait and is defined by

MC(x)~ max miIið Þ
k

i~1

Where mi is the number of tips subtended by node i and Ii = 1 if all

tips under i have trait x and 0 otherwise. For this statistic, higher

MC values indicate stronger phylogeny-trait associations.

As BaTS performs the association test from the credible set of

trees generated by BEAST in the previous step, it can also estimate

the uncertainty associated with the predictions.

RABV migration among Asian countries
The BaTS analysis indicated there was clustering of geograph-

ical states according to region and strong phylogenetic trait

Author Summary

Rabies as a fatal zoonotic disease continues to be a public
threat to global public health. After India, China reports
the second highest number of human cases, with more
than 117,500 deaths and three major epidemics since
1950. China remains in the middle of the third epidemic. In
this work we investigate the impact of China on rabies in
South East (SE) Asia. We collected nucleoprotein sequenc-
es from samples isolated throughout SE Asia and
investigated their phylogenetic and geographic relation-
ships. Our results indicate that clear geographic patterns
exist within rabies virus in SE Asia, with isolates mainly
clustered according to their geographic origin. While we
found evidence of the sporadic exchange of strains
between neighboring countries, the major strain respon-
sible for the current Chinese epidemic does not appear to
spread to neighboring countries. Our findings suggest that
national geographical boundaries and border controls act
as effective barriers to halt the spread of rabies from China
into adjacent regions. We further investigated the
geographic structure of Chinese sequences and found
the current epidemic is dominated by variant strains that
likely evolved from previous domestic epidemics. Our
study provides valuable insight for rabies control and
prevention in China and SE Asia.

Rabies in China Is Isolated from Other Countries
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association, suggesting the possibility of the occurrence of

translocation events. To test how the rabies virus was dispersed

across the geographic region of Asia, each isolate was assigned the

following lowercase letters to define their state according to their

country of origin (a: Afghanistan; b: Cambodia; c: China; d: India;

e: Indonesia; f: Japan; g: Kazakhstan; h: Laos; i: Mongolia; j:

Myanmar; k: Nepal; l: Pakistan; m: Philippines; n: Russia; o: South

Korea; p: Sri Lanka; q: Thailand; r: Vietnam) and RABV

translocation events were traced through phylogenies derived from

the Asian datasets utilizing the program MigraPhyla [22,23] using

both accelerated transformation of character states (ACCTRAN)

and delayed transformation of character states (DELTRAN)

parsimony optimization methods. To estimate the reliability of

the predicted translocation events, a Monte Carlo test of 10,000

trials was used to randomly distribute the same localities across the

tree tips and these ‘random’ trees were then examined for

translocation events. The P value for a translocation event

between two locations was estimated based on the number of

times the translocation event was observed in the original tree

compared to the number of times the events occurred in the

‘randomized’ trees. To correct for multiple tests and the sparsity of

the generated translocation matrix, a sparse false discovery rate

(sFDR) correction was applied to test the significance of the

estimated P values. The sFDR cutoff was set by P value rank6(0.05/

total of migration events).P value. Translocation results were

visualized using the Circos software package [24].

Phylogenetic analysis of isolates close to south China
border

To investigate the relationship between isolates from China and

from regions close to the South China border, two ML trees based

on datasets 4 and 5 respectively were constructed. The datasets

were comprised of sequences from countries adjacent or close to

the South China border (Figure 1). Sequences from India, Bhutan

and Bangladesh were not included as these countries border Tibet

and Sichuan which only began to record rabies cases in 2011. Two

datasets were used because different surveillance programs in the

various countries sequenced different regions of the N gene and it

was not possible to generate a single comprehensive dataset

representative of the entire geographic region. The datasets are

summarized in Table S1 and S2.

Phylogeography analysis of RABV in China
Using the same nucleotide substitution model as datasets 1 to 3,

we used dataset 6 to reconstruct a MCC tree using BEAST v.1.6.2

Figure 1. Location of isolates used in the study. Multiple datasets were generated based on different regions of the N gene and representation
of each country varies amongst datasets. Squares show GPS coordinates of samples in datasets 4 & 5 used in the analysis of isolates from both sides
of the South China border. China sequences only show the province in which the sample was isolated. Full details of each dataset are supplied in
Table S1 and S2.
doi:10.1371/journal.pntd.0002039.g001

Rabies in China Is Isolated from Other Countries
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[17]. As two major clades of Chinese isolates were identified in

both the Asian and China analyses and accounted for most

sequences in dataset 6, we selected these for further investigation.

To determine the viral dispersion among provinces in China, a

non-reversible discrete phylogeography model was applied to each

of these two lineages, with the sampling provinces of these Chinese

isolates acting as the discrete states [25]. As the geographic origin

of RABV remains unclear, we used a Bayesian stochastic search

variable selection (BSSVS) method which employed a Bayes factor

test to identify the best supported migration pathways between

geographic locations (i.e. provinces) that were epidemiologically

linked [25]. The SPREAD program [26] was used to produce an

animation of the results in the keyhole markup language (KML) to

illustrate the epidemiological links, which can be viewed by Google

Earth (http://earth.google.com).

Results

Phylogenetic structure of RABVs in Asia
Consistent with previous studies [7,8], phylogenetic analysis of

datasets 1, 2 and 3 revealed six distinct clusters in Asia: Indian

subcontinent; Cosmopolitan; Arctic-related; Southeast Asia (SEA)

SEA1; SEA2; and SEA3, all of which are supported with strong a

posteriori probability values (Figure 2a, 2b and Figure S1). The

geographic composition of these clades is also consistent with

previous results. The Indian subcontinent cluster only contains

isolates from India and Sri Lanka [8]. The Cosmopolitan cluster

comprises isolates from a much broader region of Asia including

Russia, Kazakhstan, Mongolia, China and India. Interestingly, an

unpublished strain isolated from dog in Pantnagar in Uttarakhand

Northern India (HQ829841) was grouped with isolates from

China rather than with those from India, but lack of background

information makes it difficult to determine the significance of this

result. The Arctic-related cluster is comprised of strains circulating

in Russia, Mongolia, South Korea, China, India, Nepal as well as

Afghanistan and Pakistan, and other publications also report

strains from Middle Eastern countries such as Iran and Iraq placed

within this clade [9,11]. The SEA1 cluster is confined to strains

from China and Indonesia and there is clear subdivision according

to geographic origin. The SEA2 cluster includes isolates from

China and Philippines and is similarly split into two subgroups

according to country of origin. The SEA3 cluster contains isolates

from southwestern China and the biogeographical region referred

to as the Indochina peninsula or approximately equivalent to

Mainland Southeast Asia, similar to the Asian 2 group reported in

another study [7]. Overall, our results agree with previous studies,

but the structure within each clade offers new insight from a

geographical and phylogenetic perspective. Despite the obvious

correlation between China and neighboring countries, the distinct

grouping of Chinese isolates suggest that the Chinese strains in the

Cosmopolitan, SEA1 and SEA2 clusters, which contain the

majority of the Chinese isolates, have evolved independently from

their counterparts from neighboring countries, regardless of the

collection date of isolates.

Quantifying the extent of geographic structure of RABV
in Asia

In our phylogeny-geographic origin association analysis, we

grouped countries according to their geographic proximity and

examined their dispersion within the predicted trees by calculating

the PS and AI indices. The results for dataset 1 and dataset 2 are

summarized in Table 1 and Table 2 respectively. For each dataset,

a measure of the overall tree structure is provided by the AI and

PS statistics; these can be interpreted by comparison with the

associated null value, which is the corresponding statistic

calculated from a null distribution of trees randomly selected

from the posterior sample of trees generated by BEAST. In both

cases, the AI and PS statistics for the estimated trees are much less

than the null values at P = 0, indicating strong support for the

Table 2. Phylogeny-trait analysis for Asian dataset 2.

Statistic Observed value (95% CI) Null value (95% CI) P value

AI 2.05 (1.68–2.42) 18.89 (17.56–20.10) 0.00

PS 18.04 (18.00–19.00) 114.28 (109.84–118.27) 0.00

MC(A) 8.00 (8.00–8.00) 1.14 (1.00–1.99) ,0.001

MC(B) 8.99 (9.00–9.00) 1.10 (1.00–1.90) ,0.001

MC(C) 45.01 (45.00–45.00) 3.35 (2.50–4.53) ,0.001

MC(D) 2.00 (2.00–2.00) 1.01 (1.00–1.00) 0.002

MC(E) 23.34 (21.00–26.00) 2.44 (2.00–3.24) ,0.001

MC(F) 12.24 (7.00–16.00) 1.74 (1.09–2.25) ,0.001

MC(G) 8.00 (8.00–8.00) 1.09 (1.00–1.79) ,0.001

MC(H) 13.99 (14.00–14.00) 1.26 (1.00–2.00) ,0.001

MC(I) 8.00 (8.00–8.00) 1.09 (1.00–1.91) ,0.001

Table shows estimated geographic structure of RABVs using the Bayesian Tip-
Significance testing (BaTS) software tool for Asian dataset 2 based on the
estimated tree shown in figure 1b. See Countries are assigned to the following
states according to their geographic regions. A: Kazakhstan, Mongolia, Russia; B:
South Korea; C: China; D: Japan; E: Afghanistan, Bhutan, India, Nepal, Pakistan; F:
Cambodia, Laos, Myanmar, Thailand, Viet Nam; G: Philippines; H: Indonesia; I :
Sri Lanka. Strength of geographical association for these locations across the
entire tree is estimated as described for Table 1. Materials and Methods for full
details.
doi:10.1371/journal.pntd.0002039.t002

Table 1. Phylogeny-trait analysis for Asian dataset 1.

Statistic Observed value (95% CI) Null value (95% CI) P value

AI 0.87 (0.63–0.96) 8.75 (7.60–9.76) 0.00

PS 14.09 (14.00–15.00) 52.27 (49.24–54.95) 0.00

MC(A) 7.00 (7.00–7.00) 1.33 (1.00–2.00) ,0.001

MC(B) 5.00 (5.00–5.00) 1.06 (1.00–1.78) ,0.001

MC(C) 30.00 (30.00–30.00) 3.70 (2.19–5.48) ,0.001

MC(D) 1.00 (1.00–1.00) 1.01 (1.00–1.00) 1.00

MC(E) 7.00 (7.00–7.00) 1.47 (1.00–2.01) ,0.001

MC(F) 9.56 (9.00–11.00) 1.68 (1.00–2.68) ,0.001

MC(G) 4.00 (4.00–4.00) 1.07 (1.00–1.85) ,0.001

Table shows estimated geographic structure of RABVs using the Bayesian Tip-
Significance testing (BaTS) software tool for Asian dataset 1 based on the
estimated tree shown in figure 1a. Countries are assigned to the following
states according to their geographic regions. A: Kazakhstan, Mongolia, Russia; B:
South Korea; C: China; D: Japan; E: Afghanistan, India, Nepal, Pakistan, Sri Lanka;
F: Cambodia, Laos, Myanmar, Thailand, Viet Nam; G: Philippines. Strength of
geographical association for these locations across the entire tree is estimated
by calculating the association index (AI) and the parsimony score (PS). Low AI
and PS values correspond to strong phylogeny-trait associations. The
correlation for each specific location is estimated by calculating the associated
maximum monophyletic clade size (MC); larger MC values indicate stronger
phylogeny-trait associations. The low AI and PS statistics indicate the isolates
are mostly clustered according to their geographic origin. The large MC values
(compared to the null value) indicate all the defined geographic regions exhibit
population subdivision with the exception of region D (Japan) which indicates
gene flow from other regions. See Materials and Methods for details.
doi:10.1371/journal.pntd.0002039.t001

Rabies in China Is Isolated from Other Countries
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presence of geographic structure and suggesting the isolates are

mostly clustered according to their geographic origin. A measure

of the phylogeny-trait association for each location is provided by

the MC statistic and is calculated for each location in both datasets

(Table 1 and Table 2). The MC statistic is positively correlated

with the strength of phylogeny-trait association and values greater

than the null value indicate strong association. All of the defined

geographic regions show significant support (P value,0.001) for

population subdivision with the exception of region D (Japan)

which indicates gene flow from other regions. Region C only

contains isolates from China, and the large MC value with

significant statistical support indicates a preponderance of in situ

evolution within China.

Migration of RABV in Asia
The results of the MigraPhyla translocation analysis of the Asian

datasets are summarized in Figure 3. After applying a sparse false

discovery rate (sFDR) correction, the remaining translocation

events inferred from the Asian datasets phylogenies indicate that

China and Russia play an important role in transmitting RABVs

across the Asian region. The following significant translocation

pathways were identified (Figure 3a/dataset 1: Russia to

Mongolia, South Korea, China, Japan, Afghanistan, India and

Nepal; Kazakhstan to Mongolia and Russia; Afghanistan to

Pakistan; and Thailand to Cambodia and Viet Nam; Figure 3b/

dataset 2: Russia to South Korea, Kazakhstan and Mongolia;

India to Afghanistan; Afghanistan to Pakistan; and Thailand to

Cambodia and Viet Nam). Among these significant translocation

events, dispersal mainly occurred among geographically adjoining

countries in all three datasets (Figure 3 and Figure S2), with the

exception of Russian isolates which, according to dataset 1, were

predicted to have spread extensively to distant regions (Figure 3a).

However, many countries in dataset 1 are represented by only a

few isolates which may have biased the result; this conclusion is

supported by the results for datasets 2 and 3 (Figure 3b and Figure

S2) which, with the exception of South Korea, only retain

translocation events from Russia to adjacent countries. However,

these larger datasets still predict translocation events from China

to every neighboring country (although these migration events do

not have high statistical support) but relatively few predictions of

translocation events in the opposite direction. i.e., China has an

impact on rabies in neighboring countries, but cases imported into

the country have negligible effect on the epidemic in China, which

appears to be driven by internal events.

Relationship between South East Asia and China isolates
To investigate the possibility that the absence of statistically

significant translocation events between China and neighboring

countries was simply a consequence of bias towards China isolates

in the datasets, we generated two additional datasets, 4 and 5,

comprising sequences from countries adjacent, or close to, the

South China border. Surveillance data indicates that the border

provinces of Guangxi, Guizhou, Guangdong and Henan in the

Southwest represent the majority of early cases, so the majority of

Chinese isolates were selected from these regions [27]. The ML

trees for these two datasets are shown in Figure 4a and 4b

respectively. The country of origin of the sequences are

represented by the height and colour of the bars on the outside

of the tree. In both trees the sequences are grouped into four major

clades SEA1/China I, SEA2/China II, SEA3/China VI and

Cosmopolitan/China III, consistent with their classification in the

trees in Figure 2 and Figure S1. If the national borders failed to

halt the spread of rabies, we would expect to find a close

evolutionary relationship between China isolates from the current

epidemic and isolates from other countries in South East Asia

(Philippines, Laos, Myanmar, Thailand, Cambodia and Viet

Nam).

Furthermore, surveillance studies indicate that SEA1 is the

dominant strain in the current Chinese epidemic and SEA2 is

associated with the previous epidemic that occurred during the

1970s and 1980s [27,28] (and Table S3 and unpublished data).

Thus, if there was any spillover from the current epidemic into

neighboring countries, we would expect to find some isolates from

other countries placed in the SEA1 clade. After removing

duplicate entries, the two datasets represent a total of 550 unique

isolates. The majority of these isolates are placed in SEA3, with the

remainder dispersed between SEA2 and Cosmopolitan. A single

group of 11 Viet Nam sequences isolated in the north of the

country between 2007 and 2009 from both Human and Dog are

located in the SEA1 (Figure 4a insert). However, their branch

point from the China sequences, which include isolates dating

back to 1969, indicates they are from a distinct lineage that is not

associated with the current China epidemic. Interestingly, there is

a single Viet Nam isolate placed in the middle of the Chinese

China I sequences. Upon further investigation, it was found that

this sequence was isolated from a human subject in Lang Son city

in Lang Son province, which is the most important border crossing

between Viet Nam and China, although no further information is

available regarding the subject. Given this is a single Viet Nam

isolate within the China branch, that all the Vietnamese dog

isolates are in a separate branch, and considering the volume of

cross border traffic between Lang Son and Pingxiang city (???) in

Guizhou province on the Chinese side, it seems probable that this

infection event occurred within China.

Phylogeography analysis of RABVs in China
The above analyses indicate that SEA1, the dominant variant

rabies strain in China, has not spilled over into neighboring

countries. However, to further explore the diversity of the rabies

virus in China, we conducted a comprehensive phylogenetic

analysis using all available Chinese RABV N sequences (dataset 6).

Bayesian coalescent analysis of RABVs from China identified six

distinct lineages (China I–VI) with high posterior value support

(Figure 5), which is in accordance with previous studies using

complete G and N sequences [12]. The China_VI lineage includes

a few isolates that originated from Guangxi and Yunnan provinces

in southeastern China and which are closely related to RABVs

from countries in the Indochina peninsula/Mainland Southeast

Asia (corresponding to the SEA3 cluster in the Asian analysis

results (Figure 2a and 2b). The China V lineage only contains

three isolates that were collected around 20 years ago; this lineage

is probably associated with an earlier epidemic (unpublished data -

manuscript in preparation) and died out due to a population

bottleneck or remains present at low levels and cannot be easily

sampled. The China IV lineage consists of samples that are only

found in Inner Mongolia and are closely related to the

Figure 2. Estimated phylogenetic relationship of South East Asia isolates. Maximum clade credibility (MCC) tree for Asia dataset 1 (a) and
dataset 2 (b). Isolates from China are marked in red and marked with solid circle; isolates from other countries are marked in gray. Six distinct clusters
are supported with strong a posteriori probability values: Indian subcontinent; Cosmopolitan; Arctic-related; Southeast Asia (SEA) SEA1; SEA2; and
SEA3.
doi:10.1371/journal.pntd.0002039.g002
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Arctic_related clade [9,11] (Figure 2). The China III lineage has

isolates collected across the country and corresponds to the

Cosmopolitan clade [29]. The lack of diversity in this clade is

highlighted by identification of four isolates in this clade possessing

99.4% nucleotide similarity despite being collected from four

distant provinces (Guizhou, Hunan, Henan and Jiangsu) in the

same year. The China I and China II lineages are representative of

most RABV isolates prevalent in China over the last decade and

correspond to the two Chinese subgroups samples in the SEA1

and SEA2 clusters in Figure 2. Both of these lineages can be

further divided into five clearly defined sublineages with varying

support. In several sublineages (China IIe, China Id and China Ie),

recently acquired isolates shared a common ancestor with basal

old strains from late 1980s or early 1990s, suggesting that those

current prevalent RABV strains might evolved from earlier

epidemic strains. Interestingly, 100% nucleotide identity was

observed in eight new collected isolates (AH12/Anhui/2005,

CGZ0518/Guizhou/2005, CGX0516/Guangxi/2005, CHN0813/

Hunan/2008, CJS0621/Jiangsu/2006, CJX0902/Jiangxi/2009,

CYN0924/Yunnan/2009, CZJ0804/Zhejiang/2008) from eight

provinces spanning from 2005 to 2009 in the China_IIb

sublineage.

In our Bayesian coalescent approach of China RABVs, the

mean rate of nucleotide substitution was estimated to be

5.2361024 substitutions per site per year (95% HPD values,

3.9461024–6.6861024), which agrees with previous estimates

[7,30]. Estimates of the Time to the Most Recent Common

Ancestor (TMRCA) indicates that current strains diverged around

1711 CE (95% HPD values, 1399–1869), concordant with

previous estimation using N gene, but slightly earlier than the

estimate for the G gene [7,13,31]. The divergence time of China I

and China II lineages were determined to be 1907 and 1934,

Figure 3. Predicted translocation events among South East Asia isolates. Estimated RABV translocation events among Asian countries for
dataset 1 (a) and dataset 2 (b). Migration events between two countries are indicated by a line between those countries with the line coloured
according to the source state. For example, the arrow in the top right of (a) marks a translocation event between Russia (state n - coloured red) and
China (state c - coloured orange) The colour assigned to each state is indicated by the outer circle. The colour on the inner circle corresponds to the
sink state for the translocation event. Translocation events that are not statistically significant are coloured grey. For example, there are many
translocation events predicted with China as the source, but none of them are significant. Country states are defined as follows: a: Afghanistan; b:
Cambodia; c: China; d: India; e: Indonesia; f: Japan; g: Kazakhstan; h: Laos; i: Mongolia; j: Myanmar; k: Nepal; l: Pakistan; m: Philippines; n: Russia; o:
South Korea; p: Sri Lanka; q: Thailand; r: Vietnam.
doi:10.1371/journal.pntd.0002039.g003

Figure 4. Estimated phylogenetic relationship of isolates close to south China border. Maximum Likelihood Trees for (a) dataset 4 and (b)
dataset 5 containing sequences isolated in countries adjacent, or close to, the South China border. Outside bar indicates country of original according
to colour and height of bar. In both trees, isolates form four major clades with strong bootstrap support. The majority of non Chinese isolates are
placed in the China VI/SEA 3 and China II/SEA 2 clades. The China I/SEA 1 clade, which is the primary variant strain associated with the current
epidemic in China, is exclusively composed of Chinese samples, with the exception of a small group of Vietnamese sequences (marked in yellow) in
the left hand tree. These sequences form a separate branch with strong bootstrap support and the early branch point indicates these strains are
distinct from the Chinese strains. The arrow marks a human sample from Viet Nam that is placed in the Chinese clade and which was isolated on the
Vietnamese side of the principal border crossing into China. See main text for details.
doi:10.1371/journal.pntd.0002039.g004
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respectively, i.e., these two lineages evolved independently of

external RABV strains over a long time span undergoing localized

evolution.

The phylogeographical analyses of China I and China II

lineages identified several provinces that appear to be epidemio-

logically linked. The transmission pathways for these two clades

with Bayes factor greater than 3 are shown in Figure 6a and 6b

respectively. Notably, China I contains many more linkages than

China II, which suggests that this lineage plays the dominant role

in the spread of rabies in China. Figure 6a also indicates that east

China appears to be not only epidemiologically related to

adjoining provinces but also to distant provinces, and seems to

act as an epidemic hub for transmission of rabies virus to other

regions, which is consistent with results from our previous analysis

[15]. Other long distance transmissions of rabies virus can also be

identified as well as translocation events between neighboring

provinces. For example, Shaanxi province has previously experi-

enced very low rabies incidence but cases have begun to increase

in recent years. Figure 6a indicates a strong epidemiological

linkage from Shaanxi to Sichuan and from Sichuan to Yunnan.

This is consistent with surveillance data for human rabies cases

which show dissemination of the virus from southwest China to

neighboring provinces and into regions such as Shaanxi in the

northern part of the county that have previously been incident free

for several years [32]. For both clades, rather than a random

dispersion of epidemiological linkages, there appears to be a

general trend of vertical transmission (Shandong-Guangdong,

Hebei-Fujian, Shandong-Zhejiang) and horizontal transmission

(Yunnan-Shanghai, Guizhou-Shanghai, Hunan-Shanghai) which

is also consistent with human rabies surveillance data which

highlights a flow of cases from high incidence regions in the south

of the country to medium and low incidence regions [32].

Discussion

Rabies remains a serious public health problem throughout

Asia. Nevertheless, the current goal is to eliminate rabies in China

by 2020 (a target set at the ASEAN plus 3 rabies conference).

Thus, effective and feasible long term programs for prevention and

control are essential. Nevertheless, the situation can vary among

countries or regions due to local problems or specific conditions

[33,34] and understanding these differences may aid the

development of effective control measures.

In this study we performed a detailed phylogenetic analysis of

RABVs in Asia using a comprehensive dataset selected from all

currently available samples, as well as new samples collected as

part of a national surveillance program, with a view to obtaining a

better understanding of the role of different countries in the

distribution of Asia rabies. There are already many published

reports on the distribution of rabies within China and from the

broader perspective of Asia. [6,14,35,36]. These studies have

investigated the phylogenetic relationship between Chinese strains

Figure 5. Estimated phylogenetic relationship of Chinese isolates. Maximum clade credibility (MCC) tree of dataset 6 using 232 full length N
gene sequences of Chinese rabies virus isolates. Six distinct lineages (China I–VI) are predicted with high posterior value support with the majority of
new cases placed in China I and China II. Estimated time of divergence for these two clades is shown on the X-axis. Horizontal branches are drawn
according estimated year of divergence. Posterior probability values are shown for key nodes.
doi:10.1371/journal.pntd.0002039.g005
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and strains from other Asian countries and have demonstrated

several isolates share a close phylogenetic relationship. However,

the degree of exchange between neighboring countries and the

relevance to the current rabies epidemic in China remains unclear.

In our analysis we have examined the relationship between China

and its Asian neighbors in far greater depth by investigating the

geographical structure of the estimated phylogenies to try and

interpret the contribution of specific regions to the observed

epidemic in China, and conversely, the impact of the rabies

epidemic in China on neighboring regions. One of the limitations

of previous studies is the restricted number of samples that have

been isolated from many Asian countries. In this work, we

attempted to overcome this problem by constructing multiple

datasets based on different regions of the N gene which allowed us

to incorporate a broader range of isolates; the results for each

dataset were consistent with those obtained with full gene

sequences, indicating our results were robust.

Phylogenetic analysis indicates that geographic structure is the

defining feature of the tree and that RABVs are strongly clustered

according to their geographic origins. The Chinese isolates could

be classified into two types: type A strains comprise isolates that

were mixed in with strains from neighboring countries, indicating

they shared a close evolutionary relationship; type B strains,

although placed in clades with other Asian strains, formed distinct

subclades that only consisted of Chinese sequences. For the type A

isolates, the majority of Chinese isolates (from Guangxi and

Yunnan provinces in Southwest of China) belonged to the SEA3

clade and clustered with isolates from countries in the Indochina

peninsula/mainland Southeast Asia region, suggesting this might

be a convergent region for RABV panmixis due to frequent

commerce including animal trade [12,37]. Additional Chinese

RABV isolates from other clades were also clustered with isolates

from other countries but their small number suggests these

represented sporadic events. The majority of isolates were of type

B strains. One major lineage of currently circulating Chinese

rabies strains shared a common ancestor with those from

Philippines in SEA2 clade, while a second Chinese lineage

appears closely related to strains from Indonesia in SEA 1 clade.

The estimated date of the TMRCA of these strains of 1907 and

1934 respectively, coincides with of historical emigration from

China to Southeast Asian Countries [38], suggesting some

association might exist between emigration and the transmission

of RABVs between these countries [6,35]. The presence of distinct

clades implies that, after adapting to local hosts and environment,

the Chinese RABV strains evolved separately, i.e. without gene

flow in our out of the country, to become the predominant strains

associated with the current rabies epidemic in China.

Translocation analysis of RABVs between China and other

Asian countries illustrated that gene flow of RABV principally

occurred amongst geographically adjacent countries. However,

although several translocation events from China to other

countries were predicted, all of them lacked strong statistical

support. While the translocation analysis should be interpreted

with caution due to possible sampling bias (due to the dispropor-

tionately high number of China isolates) and the analytical method

(translocation events are based on best estimates of ancestor states

which are not necessarily unique), our results are further supported

by the classification of isolates from countries bordering south

China. Thailand and Viet Nam in particular have comprehensive

surveillance programs, but out of 550 isolates from the sampled

countries, only 11 sequences (from Viet Nam) were grouped with

Chinese sequences from the dominant variant strain, and these

were in a separate and distinct branch. The identification of a

single Viet Nam isolate within the Chinese sequences of China I

clade is a cause for concern, although it does seem probable that

the subject was infected within China. Nevertheless, it would be

prudent to closely monitor the rabies situation in Lang Son city in

Viet Nam, if similar cases were found in the canine population,

then this would be evidence of spillover. Nevertheless, in spite of

the scale of the epidemic within China, it appears that, currently,

few cross border translocation events occur. Although China

occupies a large geographic area bordering many countries, with

the exception of arctic-related strains introduced from Russia to

Inner Mongolia, there has been no major influx of rabies cases

from outside China. Conversely, despite the large number of

rabies cases currently experienced in China we identified relatively

few translocation events. More importantly, these events originat-

ed from clades that are not significantly associated with the current

epidemic.

Having established the current epidemic is evolving indepen-

dently of neighboring countries, we also investigated the dispersion

and genetic variation of the virus within China. The phylogeo-

graphic analysis of the Chinese RABV isolates dataset identified

six lineages existing in China with an isolation date ranging from

1969 to 2010, spanning the current and previous epidemics [39].

Two major lineages (China I and China II) account for most of

current rabies epidemic. Consistent with the Asian phylogeogra-

phy analyses, these two lineages are highly localized, experiencing

infrequent gene flow from outside mainland of China. The China

III lineage corresponds to the Cosmopolitan clade, which had

been predicted to a consequence of global colonization from

Europe between the 15th to 19th century [40]. However, from the

current dataset, it appears that this lineage only exists at a

relatively low level and is associated with occasional events rather

than significantly contributing towards the current epidemic.

These three lineages can generally be classified as type B strains as

described above. The remaining three lineages (China IV to VI)

are more representative of type A strains and also, based on the

total number and date of isolates, appear to contribute little to the

current epidemic.

Previous studies have demonstrated the role of humans in

dispersion of rabies in Africa [41,42]. In particular, estimates of

viral gene flow in localities in Algeria and Morocco in the Talbi

study were 2 to 4 times higher than corresponding estimates in

wildlife [42]. Although this highlights the importance of anthro-

pogenic influences, it is difficult to make a direct comparison

between our results and the Talbi study. Although the samples

were collected over a 20 year period in Algeria and Morocco,

there are marked socio-economic differences in the geographic

regions. Firstly, the populations of Tunisia and Algeria are 10 and

35 million respectively, compared to 1.3 billion in China.

Secondly, between 1995 and 2011, the estimated Gross Domestic

Product (GDP) of Tunisia and Algeria increased from $18billion to

$45billion and from $40billion to $180 billion respectively. Over

the same time period, the GDP of China increased from $730

billion to $7.3 trillion. It is the rapid economical expansion in

Figure 6. Estimated translocation events within China. Discrete phylogeographic analysis of MCC tree shown in figure 5 for clades (a) China I
(b) China II, the two dominant variant strains in the current epidemic. Linkages significant at Bayes Factor 3 are shown. Lines link locations that are
epidemiologically related with the shading and line thickness indicating relative support. Darker and thicker lines correspond to stronger support
(e.g., Hebei to Fujian in China I), thinner and lighter lines indicate weaker support (e.g. Jiangsu to Fujian in China II).
doi:10.1371/journal.pntd.0002039.g006
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China over the last twenty years that has probably had the most

significant impact on the spread of rabies and, ironically, on its

control as more funds have become available for vaccination

programs, education and subsidies for post exposure treatment.

Prior to the plan for economic reform plan instigated by Deng

XiaoPing, travel was more restricted and more commonly at the

local level. Long distance travel was generally by train or bus and

large scale transportation of goods only began to increase as the

industrial infrastructure expanded. As the economy grew and

relocation was more straightforward the population became more

mobile. This likely facilitated the spread of RABV as people

moved from villages to towns and cities, or between cities,

transporting their dogs as part of the relocation process. Long

distance relocation may explain our identification of identical N

gene sequences from eight difference and geographically distant

provinces. This is also supported by recent reports of rabies cases

in Beijing where infected dogs were brought to the capital by

migrant workers. On the other hand, dog meat markets likely aid

the establishment and dissemination of RABV within a local

region, as large numbers of dogs are able to roam freely. However,

it is improbable they are associated with long range dissemination

of the virus as, in general, there is no transportation of dogs occurs

over long distances. News reports in the foreign press featuring

truckloads of animals in cages are related to large scale operations

that are only located in the major cities. Within each facility, dogs

are kept within compounds or cages and moved to market in a

matter of days, thus they are unable to contribute to the spread of

the disease and only contribute sporadic cases.

In 1985, a national rabies control and prevention program was

implemented, and by 1996 rabies cases had decreased to 159

[39,43]. However, after this point the number of cases rapidly

increased and a new epidemic emerged in the country. Available

data showed that at least three distinct RABV lineages survived

the control program and successfully reemerged, suggesting the

presence of multiple reservoirs to allow RABVs’ persistence over

an extended period. In China, domestic dogs served as the main

reservoir for RABVs with wildlife such as ferret badger also

identified as a reservoir but playing an underdetermined role in

the epidemic [44,45]. Bats act as an additional potential reservoir

of RABV [46] although their role has yet to be investigated in the

current epidemic. All of these factors further complicate the task of

rabies control and long-term support coordinated at the national

level is key to the success of such efforts. Based on surveillance data

and epidemiological surveys from the past decade, new regulations

on rabies control have been drafted by the Ministry of Agriculture

and Health in China. These new regulations place emphasis on

rabies control at the source (such as vaccination of domestic

animals, especially in rural area) and have already proved to be

effective, as seen from the reduction in rabies cases in high

incidence provinces in recent years [32]. Also, trial dog

vaccination programs implemented in certain high incident

regions in southwest provinces in China have also proved effective

in controlling rabies. In the next phase of the program, vaccination

will be extended to additional regions to incorporate more of the

dog population with the aim of building up a vaccination barrier

to combat rabies spread.

The rapid dispersal of rabies cases across the country indicates

there are efficient transmission routes to facilitate dissemination of

the virus. Evidence of the role of RABV transmission via human

intervention and translocations has been well documented [8,42,47]

and our predicted horizontal and vertical epidemiological linkages

between provinces are consistent with the observed dispersion of the

virus according to human rabies surveillance data [32].

Nevertheless, although there have been many reports regarding

the recent spread of RABV across China, an detailed investigation

of the impact of the epidemic in the context of Southeast Asia has

yet to be considered. Our observation of a dominant variant strain

that is unique to China is significant in that it suggests that

neighboring countries have not been seriously impacted by the

epidemic. In spite of the increasing trade between China and other

countries in South East Asia, it further suggests that current border

controls remain effective at restricting the passage of infected

animals. The filtering of rabies cases at national borders shows that

it is possible to limit the spread of the virus if suitable barriers exist

and these findings may provide guidance for further determining

effective measures for rabies control within China and to meet the

goal of eliminating of rabies in China by 2020.
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