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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) has become widely dispersed worldwide since
it was first reported in 1994, but the seroprevalence of KSHV varies geographically. KSHV is
relatively ubiquitous in Mediterranean areas and the Xinjiang Uygur Autonomous Region, China.
The origin of KSHV has long been puzzling. In the present study, we collected and analysed 154
KSHV ORF-K1 sequences obtained from samples originating from Xinjiang, Italy, Greece, Iran
and southern Siberia using Bayesian evolutionary analysis in BEAST to test the hypothesis that
KSHV was introduced into Xinjiang via the ancient Silk Road. According to the phylogenetic
analysis, 72 sequences were subtype A and 82 subtype C, with C2 (n = 56) being the predominant
subtype. The times to the most recent common ancestors (tMRCAS) of KSHV were 29,872 years
(95% highest probability density [HPD], 26,851-32,760 years) for all analysed sequences and
2037 years (95% HPD, 1843-2229 years) for Xinjiang sequences in particular. The tMRCA of
Xinjiang KSHV was exactly matched with the time period of the ancient Silk Road approximately
two thousand years ago. This route began in Chang’an, the capital of the Han dynasty of China,
and crossed Central Asia, ending in the Roman Empire. The evolution rate of KSHV was slow,
with 3.44 x 1075 substitutions per site per year (95% HPD, 2.26 x 1075 to 4.71 x 1075), although
11 codons were discovered to be under positive selection pressure. The geographic distances from
Italy to Iran and Xinjiang are more than 4000 and 7000 kilometres, respectively, but no explicit
relationship between genetic distance and geographic distance was detected.

Tiejun Zhang, tjzhang@shmu.edu.cn.
Electronic supplementary material The online version of this article (doi:10.1007/s00705-017-3467-1) contains supplementary
material, which is available to authorized users.
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Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV, also known as human herpesvirus 8), is
the aetiological agent of Kaposi’s sarcoma (KS), primary effusion lymphoma, and a form

of multicentric Castleman’s disease [8, 35]. A myriad of previous studies have documented
that the seroprevalence of KSHV is very high in Africa and the Mediterranean region, where
KSHYV seroprevalence ranges from 20% to 80% in adult populations [12, 20, 36], whereas
its prevalence among the general population in North America and Northern Europe remains
low [5, 19, 32]. The prevalence of KSHV in Asia differs among geographical regions, and
although the epidemiological features of KSHV in Asia have not been extensively explored,
it has been proposed that KSHV is widespread in the Xinjiang autonomous region [44],
which is located in northwest China and is surrounded by Mongolia to the east, Russia to the
north and Kazakhstan to the west. The region consists of many ethnicities, predominantly
Han and Uygur. Previous studies have shown that the prevalence of KSHV in Xinjiang is

as high as 40% among different populations [6, 14], which is much higher than that in

other regions in China. Xinjiang served as an important staging post for the ancient Silk
Road thousands of years ago. The goods produced in the Han dynasty and Rome were
traded frequently via the ancient Silk Road. The ancient Roman Empire, now lItaly, is an
endemic area of KS, suggesting that KSHV was likely introduced into Xinjiang, China,
from Rome or the Middle East via the Silk Road. Moreover, previous reports have shown
that the KS in Xinjiang can be classified as classical KS and shares common characteristics
with classical KS cases occurring in the Mediterranean region [2, 24]. This may indicate
potential associations between KS in Xinjiang and the Mediterranean region. Phylogenetic
analysis also revealed that KSHV isolates in Xinjiang belong to subtypes A and C, which are
ubiquitous in Eurasia [28, 43].

The KSHV genome is composed of double-stranded linear DNA that is 165-170 kb long
[34]. To the best of our knowledge, large blocks of KSHV sequence are highly conserved
and do not exhibit much variation among isolates. However, some genomic regions in
KSHYV display remarkable variability, such as ORF-K1, which is located in the left terminal
repeat region of the KSHV genome. Previous studies have revealed that ORF-K1 is a
transmembrane protein, with amino acid sequence divergence levels between geographically
disparate isolates ranging from 30% to 60% [4, 9, 45]. KSHYV is grouped into six main
genotypes (A to F) that show high divergence in the ORF-K1 gene [45]. Therefore, ORF-K1
is regarded as a marker of strain diversity and is used to track the epidemiological spread of
the virus.

Based on these observations, we hypothesized that the ancestor of KSHYV in Xinjiang,
China, may come from Eurasian areas situated on the ancient Silk Road. Therefore,

a phylogenetic and Bayesian evolutionary analysis based on sequences of the ORF-K1
gene was conducted to verify our hypothesis and to better understand the molecular
epidemiological features of KSHV in China.

Arch Virol. Author manuscript; available in PMC 2023 February 17.
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Materials and methods

Sequence collection

A comprehensive search of the KSHV ORF-K1 gene was conducted in GenBank (http://
www.nchi.nlm.nih.gov). A total of 261 sequences were obtained with basic information,
such as accession number, genotype and collection date, if provided. The number of
sequences obtained from China, Italy, Greece, Iran and southern Siberia was 53, 92, 9,

89 and 18, respectively. Of these, 154 sequences with explicit isolation dates, including 53
from China, 24 from Italy, 9 from Greece, 50 from Iran and 18 from southern Siberia, were
included in further analyses. All sequences from China collected between 1997 and 2009
were from Xinjiang.

Sequence alignment and phylogenetic analysis

A total of 154 sequences (Appendix Table 1) with unequivocal isolation dates were aligned
using MEGAG® [37] to determine their subtype. The collection date for each sequence was
obtained either from GenBank annotations or from the description of the target sequence in
the corresponding research article. The resulting alignment was imported into PAUP* for
neighbour-joining analysis [42] as follows: 1,000 bootstrap replicates, randomly broken site,
and general time-reversible distance measure with a gamma distribution shape parameter

of 0.5. The output tree was a bootstrap 50% majority rule consensus tree. Moreover, the
sequence diversity was estimated via the Tamura-Nei model in MEGAG.

Bayesian MCMC molecular dating analysis

The recombinant alignments were identified with SplitsTree [23]. A GTR (general time
reversible) + | (proportion of invariant sites) + I'4 (gamma-distributed rate variation with
four rate categories) nucleotide substitution model was the best-fitting model based on
ModelTest3.7 [31]. The evolutionary rates of strains were calculated using the Bayesian
substitution model implemented in BEASTV1.8.3 [16]. Additionally, the times of the most
recent common ancestors (tMRCAS) of strains from each country were also estimated

using BEAST. Both strict and relaxed (uncorrelated exponential and uncorrelated lognormal)
molecular clocks [15] were applied for the analyses. A Bayesian skyline coalescent tree
prior was used to estimate the effective population size. The MCMC chain was run for

100 million steps, with parameter values sampled at every 5000 steps. The resulting log

files were imported into the program TRACERV1.6.0 to ascertain the convergence of the
MCMC chain, which suggested that an effective sample size (ESS) of more than 200 for all
parameters was reached. The uncertainty of all parameter estimates was assessed based on
95% HPD (highest probability density) intervals. Both the comparisons of different models
and the reconstruction of the Bayesian skyline plot were implemented in TRACER. A
lognormal relaxed uncorrelated clock with an exponential growth demographic population
was the best-fit model by Bayesian factor analysis. The maximum clade credibility (MCC)
tree with the initial 10% of trees removed as the burn-in was generated using Tree Annotator
1.8.3, which is available in the BEAST package. Subsequently, the MCC tree was visualized
in FigTree v1.4.2. Finally, we constructed the migration pathways of KSHV among the
different locations on the ancient Silk Road on the basis of the tMRCA of KSHV in each
country.

Arch Virol. Author manuscript; available in PMC 2023 February 17.
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Geographic distance versus genetic distance

The pairwise genetic distance of each sequence included in this analysis and the genetic
distance between and within each group were estimated using MEGAGB, with application of
the Tamura-Nei model. The resulting distance matrix combined with the geographic distance
obtained from ArcGIS (version 10.1) was then imported into R software (version 3.2.4,
http://www.r-project.org/) to assess the correlation between the genetic distance and the
geographic distance. A sample collected in Italy (GenBank accession number FJ884611.1)
was set as the reference, which has zero genetic and geographic distance from itself.

Selection pressure analysis

Results

To identify codons under positive selection, relative rates of synonymous substitutions per
site (aS) and nonsynonymous substitutions per site (oN) were calculated using the HyPhy
package in Datamonkey [29, 30] (http://www.datamonkey.org). Two datasets were used for
this analysis, one consisting of coding sequences with 115 codons originating from China
and a second consisting of all sequences with 71 codons after alignment. The HKY 85
model of nucleotide substitution and a neighbour-joining tree were used for the analysis.
The w ratios (dN/dS) were calculated via three different likelihood approaches, including
single-likelihood ancestor counting (SLAC), fixed effects likelihood (FEL), and random
effects likelihood (REL). Sites showing evidence of positive selection by at least two of the
methods listed above with high statistical significance (o < 0.1 or Bayes factor > 50) were
considered to be under positive selection.

Phylogenetic analysis

A total of 154 strain sequences obtained from 1983 to 2009 were used for reconstruction of
the neighbour-joining tree (Fig. 1), maximum-likelihood tree, and maximum-parsimony tree
(Appendix Figures 1 and 2). Of these, 72 were of subtype A and 82 were of subtype C, with
the most common KSHV genotype being C2 (n = 56). Strains from Xinjiang were explicitly
subdivided into six different genotypes: C2 (n = 18), A2 (n = 12), A3 (n=38), Al (n=7),
C3 (n=6) and A4 (n = 2). Similarly, the predominant genotype in Iran was C2 (n = 34),
followed by A3 (n=5), C3 (n=7), A4 (n =2) and Al (h = 2). The genotype distribution

in Italy and Greece was A3 (n=8), C3 (n=7), C1 (n=4),C2 (n=4), A4 (n =4) and six
uncertain subtypes. Most strains collected from southern Siberia were A3 (n = 15), followed
by C3 (n=2) and A2 (n = 1). The overall mean sequence divergence of KSHV was 10.4%
across different areas, and the diversity of the KSHV sequence of Xinjiang was 8.3%.

Bayesian MCMC analysis

No recombinants were detected using the Phi-test (P = 1.0). The root of the tree was
calculated to be 29,872 years old (95% HPD, 26,851-32,760 years), suggesting that the
tMRCA of KSHYV in Italy, Greece, Iran, China and southern Siberia was approximately
30,000 years ago. Subsequently, we separately assessed the tMRCA of KSHV from each
country. The sequences from Greece were analysed together with sequences from Italy
because only nine strains from Greece were available. The tMRCA of Italian and Greek

Arch Virol. Author manuscript; available in PMC 2023 February 17.
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sequences was determined to be 10,565 years (95% HPD, 9,812-11,340 years), which was
similar to the tMRCA of Iranian sequences (10,581 years, with 95% HPD, 9,835-11,340
years). The tMRCA of sequences from southern Siberia was 2,620 years (95% HPD, 2,247-
2,734 years). Moreover, the tMRCA of KSHV in Xinjiang was 2,037 years (95% HPD
1,843-2,229 years), indicating that KSHV in China is much younger than KSHV in Iran and
the Mediterranean but similar to that in southern Siberia (Table 1). We then constructed the
potential KSHV transmission routes across the five areas based on the MCC trees (Fig. 2),
which are shown in Appendix Figures 3-6. The overall mean nucleotide substitution rate was
3.44 x 1075 substitutions per site per year (95% HPD, 2.26x1075 to 4.71x1076).

Genetic distance versus geographic distance

The overall mean genetic distance among all KSHV sequences included in the analysis
was 0.104, and the mean genetic distance varied across groups (China, 0.094; Iran, 0.074;
Iran and Greece, 0.097; southern Siberia, 0.036) (Appendix Table 2). Plotting the genetic
versus geographic distance from a pre-set reference to all residual sequences did not show
any explicit trends (Fig. 3). Concordantly, no significant difference between KSHV strains
collected from different countries and the reference sequences was detected for the genetic
distance (p = 0.452).

Reconstruction of the Bayesian skyline plot

A Bayesian skyline plot (BSP) for the KSHV sequence was constructed (Appendix Figures
7-9). The plot shows changes in the median estimate of relative genetic diversity (Ve t)

of the virus with time, where NVe T is the product of the effective population size (NVe)

and generation time (). The plot also displays the 95% HPD interval that represents both
the phylogenetic and the coalescent uncertainty. The population size of Chinese KSHV
remained relatively stable until 1000 AD, after which it experienced a fluctuation within a
narrow range from 1000 AD to 1900 AD. Then, the population size experienced a sharp
increase after approximately 1900 AD, peaking at 2000 AD. Interestingly, a similar pattern
of effective population size was found in KSHV sequences from the other three countries,
although no sharp increases were observed over time.

Selection pressure analysis

The mean w ratio was 2.54 in the codons of all KSHV sequences included in this analysis,
which is highly similar to the mean w ratios derived from the codons of Chinese sequences
(w = 2.62). Nearly 17% of the codons (12/71) were under positive pressure, as determined
by our pre-set criterion when all sequences were included for analysis. Nine of those 12
codons were also under positive selection pressure when sequences not from China were
excluded (Appendix Tables 3 and 4). No codon was under negative selection pressure
according to the SLAC and REL methods; however, six codons were under negative
selection pressure based on the FEL method (data not shown).

Discussion

In this study, we analysed KSHV ORF-K1 sequences from samples originating from China,
Iran, Italy, Greece and southern Siberia [7], important staging posts located on the ancient

Arch Virol. Author manuscript; available in PMC 2023 February 17.
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Silk Road two thousand years ago. No recombination was detected in any of the sequences
included in the present study, although recombination of KSHV ORF-K1 has been described
previously [17]. We found that the tMRCA of KSHV sequences was approximately 30,000
years, with a slower mutation rate than that reported in a prior study conducted by Cordiali-
Fei et al. [10]. The following reasons may explain this discrepancy: 1) We included 154
strains collected from five different areas, whereas Cordiali-Fei included 27 strains collected
from Italy. 2) The length and location of the alignments were different in our study and the
study by Cordiali-Fei. 3) The tMRCA of strains in our study were different from those in
their study. Nevertheless, our results indicate that KSHV in Iran and near the Mediterranean
Sea, both near Africa, was transmitted via hominin migration from Africa [45]. This finding
is consistent with results from ancient DNA analysis showing that the earliest discoveries

of distinctively modern populations in both Europe and most parts of Asia can be dated no
earlier than 40,000-45,000 years ago [41].

Modern human origin and migration studies have revealed that early migrations out

of Africa into the Levant (eastern Mediterranean) and Arabian peninsula occurred
approximately 120,000 to 90,000 years ago, but further dispersal of humans halfway around
the world did not begin until approximately 60,000 years ago [13]. This out-of-Africa
migration was pulsed, with waves of dispersal eastward to South Asia, Indonesia and
Australia by 50,000 years ago, migration westward to Europe by 45,000 years ago [13],
migration into North Asia by 20,000 years ago, and to the Americas by 15,000 years ago
[21]. For China, the earliest modern humans arrived in southern China at least as early as
~80,000 years ago [26], suggesting that modern humans did not appear in Central Asia
until long after they left Africa. Therefore, we propose that the first large-scale population
migration between Europe and Central Asia occurred along the ancient Silk Road.

Many epidemiological studies have demonstrated that Xinjiang, Iran and Italy, particularly
Sicily, are endemic areas for classical KS [22, 25, 27, 40]. In addition, northern Israel

and Greece, which were also part of the Silk Road, are high-KSHV-prevalence areas, and
classical KS is also endemic there [11, 39]. Furthermore, it is now widely accepted that

the ancient Silk Road, for centuries an ancient network of trade routes, was central to
cultural interactions across regions of the Asian continent, connecting the East and West
from China to the Mediterranean Sea [18]. The route appeared approximately 2000 years
ago (114 BC-127 AD, according to Chinese history), and merchants from the Han dynasty
(207 BC-220 AD) and the Roman Empire (27 BC-395 AD) crisscrossed Xinjiang, a land of
deserts and mountains at the heart of the Silk Road, avoiding the Taklamakan Desert.

The results of BEAST MCMC analysis showed that the tMRCA of KSHV in both Italy and
Iran was approximately 10,000 years, whereas the tMRCA of Xinjiang was 2037 years ago
(95% HPD, 1843-2229 years), with subtype A originating 1200 years ago and subtype C
originating 1100 years ago. These results partially support our hypothesis that KSHV was
transmitted to Xinjiang via the migration of people along the Silk Road, according to the
temporal sequence.

Phylogenetic analysis revealed that KSHV in these four countries was either subtype A
or subtype C, which is consistent with previous studies [38, 43]. Furthermore, the genetic

Arch Virol. Author manuscript; available in PMC 2023 February 17.
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distances of KSHV strains within different countries were close to the mean genetic distance
of all KSHYV strains in the study. Moreover, no significant trend of increasing genetic
distance with increasing geographic distance was detected. These results demonstrate the
low evolutionary rate of the KSHV sequence and suggest the presence of an orthologue of
KSHYV in these four countries. Additionally, selection pressure analysis demonstrated that
KSHYV subtypes A and C were under pervasive positive selection pressure, which was the
principal evolutionary force underlying the genetic differentiation of populations and may
explain the relatively large diversity of ORF-K1. Importantly, we found nine sites under
positive selection pressure among the Chinese sequences, and these nine codons were also
under positive selection pressure in the analysis of all sequences. This finding strongly
suggests that KSHV in China and the other three countries may share similar mutation
patterns.

Moreover, the Bayesian skyline plot displayed a marked rise in the effective population size
of KSHV over time, peaking near the year 2000. Because HIV is the most important risk
factor for KSHYV infection [33], we postulate that this increase may be attributable to the
global outbreak of HIV in the last decades of the 20th century [1, 3]. The subsequent ESS
decline may be attributable to HIV prevention efforts.

Some limitations should be noted here. First, more prior distribution should be applied to
calibrate the molecular clock to identify discrepancies and for corroboration. Second, a
longer alignment is much better for robust phylogenetic results, but the alignment in our
study was relatively short.

In conclusion, this study is the first to show, using Bayesian evolutionary analysis, that
KSHYV in Xinjiang, China, was introduced via the ancient Silk Road and demonstrates for
the first time that the transmission route of KSHV has a strong relationship to modern
human migration. However, to better understand the global dispersal of KSHV and the
molecular features of each subtype, more extensive studies will be required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ngighbour-joining tree of KSHV sequences with the following parameters: 1,000 bootstrap
replicates, randomly broken site, and general time-reversible distance measure with a
gamma distribution shape parameter of 0.5. The length of the alignment was 212 bp,
corresponding to nt 159-370 of the KSHV genome
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Fig. 2.
The suspected transmission pathway of KSHV along the Silk Road. The maximum

clade credibility tree was manually plotted onto the geographic space showing the most
parsimonious route of dispersal for KSHV. The red dotted line shows the main route of the
Silk Road 2000 years ago, and “114 BC-127 AD” represents the time period of the ancient
Silk Road
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Fig. 3.

Plot of genetic distance versus geographic distance of KSHV sequences. The black triangle
indicates the average genetic distance of KSHV within each group. Samples in each area
were jittered to avoid overlap
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