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ABSTRACT

1

6 Shuhua Xu ©8, Yi-Xin Zeng?,

While Epstein-Barr virus (EBV) infection is ubiquitous globally, a high-risk EBV subtype associated with

the extremely high incidence of nasopharyngeal carcinoma (NPC) was found in southern China, but the

evolution history of EBV in humans and the origin of this high-risk subtype remains enigmatic. By obtaining

one of the largest datasets of EBV genomes across the world, we found that EBV had an evolutionary history

matching the out-of-Africa migration of humans. Within the high-risk subtype from southern China, we

identified a rapidly expanding clonal strain originating from a recombination event between EBV strains

from northern and southern Chinese around 4000 years ago, followed by strong Darwinian evolution with a
fitness advantage of 4%. The clonal strain has almost doubled the risk for NPC compared to the high-risk
subtype and explained around 66% of the NPCs, representing the highest risk factor for NPC identified so
far. Taken together, we unraveled a strong co-evolution history between EBV and humans where human

migration and admixture triggered subsequent recombination and expansion of a highly advantageous EBV

strain, leading to a cancer epidemic in southern China.

Keywords: Epstein-Barr virus, Nasopharyngeal carcinoma, out-of-Africa migration, co-evolution,

adaptation, recombination

INTRODUCTION

Epstein-Barr virus (EBV) is the first identified onco-
genic virus, persistently infecting >90% of the hu-
man populations. Despite its frequent asymptomatic
persistence after primary infection, EBV has been
linked to a wide spectrum of malignancies, including
endemic Burkitt’s lymphoma (BL), Hodgkin lym-
phoma (HL), NK/T cell lymphomas, a subtype of
gastric cancer (GC), nasopharyngeal cancer (NPC)
[1] as well as recently reported multiple sclero-
sis (MS) [2,3]. One remarkable observation is that
many of these EBV-associated diseases have distinc-
tive geographic distributions and ethnic disparities

[4]. For instance, BL is prevalent predominantly in
parts of Africa with high malaria incidence, while MS
is most frequent in northern Europe, but very rare
in Asians [S]. Among EBV-related diseases, NPC
has the most significant population disparity, with
a more than 20-fold increase in incidence rates in
southern China (13.9-25.0/100000 per year, aka
Cantonese Cancer) [6,7]. How a common virus can
contribute to endemic diseases in geographically dif-
ferent populations is poorly understood.

Previous EBV genomic studies have revealed a
strong population structure correlated with ethno-
geographic regions [8,9], holding the clues to
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addressing population disparities in EBV-related dis-
eases. Even though EBV variations have been shown
to contribute to a number of diseases including lym-
phomagenesis [10] and MS [11], one of the most
compelling associations linking EBV subtypes to lo-
cally endemic diseases comes from NPC [9,12-14].
Even though genetic associations in human popu-
lations identified a number of risk variants includ-
ing HLA and CDKN2A [15,16], the contribution of
these loci to the overall risk seems to be rather mod-
est. Recent studies have revealed that a high-risk EBV
subtype remarkably prevalent among the southern
Chinese population, was the most significant risk
factor identified to date with an estimated odds ra-
tio (OR) as large as 7.6 for NPC and contributed
over 80% of the population risk of NPC in southern
China [9,12-14]. However, the origin of the high-
risk strain and the reasons for its endemic prevalence
remain elusive.

As a member of the primate-specific gamma-1
herpesvirus, which belongs to genus Lymphocryp-
tovirus, EBV has been co-evolving with us since hu-
man origin [ 17]. Most individuals are asymptomatic
carriers of EBV, maintaining an exquisite balance be-
tween host and pathogen. NPC, like many other
EBV-related malignancies, represents a rare conse-
quence of EBV infection. The emergence of NPC in
southern China posits a puzzling scenario, which has
been hypothesized to be related to the transmission
of genetic risk factors or life history traits (e.g. salt fish
consumption) to the Han Chinese from ancient Bai-
Yue (Tai-Kadai speaking people living in southern
China) through the admixture of these two ethnic
groups [18]. How EBV could have evolved with us
since our migration out of Africa and how the high-
risk strain has arisen, driving the origin of NPC in
southern China remains unknown.

In this study, we sequenced and assembled one
of the largest datasets of EBV genome sequences
from healthy controls and individuals with EBV-
related diseases. Through population genetic anal-
yses, we dissected the global distribution of EBV
and explored the relationship between humans and
EBVs. Interestingly, among the high-risk subtype
for NPC, we discovered a rapidly expanding clonal
strain which has doubled the risk for NPC compared
to the high-risk subtype, representing the highest risk
for NPC identified so far. Through molecular ge-
netic analysis, we dissected the evolutionary origin of
the clonal strain and explored how Darwinian evolu-
tion might drive the rapid rise of this strain. Taken
together, we unraveled an interesting case of how
human migration had triggered a highly-pathogenic
recombinant pathogen followed by a subsequent
clonal expansion, leading to a cancer epidemic in
southern China.
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RESULTS

Sequencing and curation a global
dataset of EBV genomes

Even though most humans carry EBV, due to the
trace quantity of EBV genomes in human samples,
large scale sequencing of EBV genomes from ma-
jor human populations has only recently gained mo-
mentum after the employment of capture sequenc-
ing technology [8,19]. In order to understand the
prevalence and distribution of the previously iden-
tified high-risk EBV subtype, we performed capture
sequencing of EBV genomes from 118 individuals
with multiple diseases including NPC (n = 68),
GC (n = 25), nasopharyngitis (n = 6) and Natu-
ral killer/ T-cell lymphoma (NKTL, n = 19) across
northern and southern China. To better understand
EBV’s global distribution and evolution, we retrieved
all available EBV genomic sequences (n = 1360)
from the NCBI database covering all major conti-
nental populations (Fig. 1A, Supplementary data).
Indeed, 78% of all sequences were generated after
2018 with a strong representation of strains from
East Asia (Fig. 1A inset). After quality control and
multiple sequences alignment (Figs S1 and S2), we
curated one of the largest EBV dataset (n = 1334)
covering all major continental areas with strains from
Africa (n = 134), Asia (n = 996), Europe (n = 93),
North America (n = 61), South America (n = 12),
Oceania (n = 32) and unknown origin (n = 6) (de-
noted as dataset 1, Fig. 1A, Tables S1 and S2). Across
the dataset, EBV sequences were collected from
both healthy (~20%) as well as diseased individuals
(e.g. different cancer types, Fig. S3).

The evolutionary history of EBV genomes
mirrors recent human migration

Even though the population structure of EBV
genomes across the world has been explored in
several previous studies with smaller numbers of
sequences [20-22], our large collection of EBV
genomes not only depicts the global distribution, but
also allow us to dissect finer-scale population sub-
structures in EBV genomes within each continent.
When we performed a principal component analy-
sis (PCA) of all 1334 sequences, we discovered two
major groups of EBV strains driven by strong dif-
ferentiation in the EBNA2 and EBNA3 genes, rep-
resenting type 1 and type 2 EBVs (Figs S4 and
SS) [8,23]. Focusing on the type 1 EBV which is a
globally distributed subtype (n = 1205, denoted as
dataset 2), we found that strains from Europe and
Africa are less differentiated from each other and se-
quences from Asia are genetically more dissimilar
from the rest of the world (K =2 in Fig. 1B and 1C,
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Figure 1. Population structure and history of EBV. (A) Distribution of EBV strains across the world. The inset plot displays the sample-size distribution
across time and geography. Sequences with unknown geographic origin were omitted from the plot. (B) Population structure analysis of all the type 1
strains (n= 1205) with varying number of population groupings (K = 2,4, or 7). Strains were labeled with their geographic origin. AF: Africa, EU: Europe,
NA: North America, SA: South America, OC: Oceania, AS: Asia, UKN: Unknown geography, NEA: North East Asia, SEA: South East Asia. (C) Principal
component analysis (PCA) of the type 1 EBV strains. The first two components explaining 3.30% and 2.29% of the total variance, respectively. Strains
were labeled according to their geographic origin. (D) Principal component analysis (PCA) of the type 1 strains from East Asia. Strains from northern
and southern China were labelled in different colors. (E) Maximum likelihood tree of the EBV populations (left) and humans (right) constructed using
TreeMix. The two trees had minor differences in topology with a Robinson-Fould distance of 2. Review drawing number: GSE (2025) 00565
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Fig. S6) [8,21]. With increasing number of clusters
in the admixture analysis [24], we observed serial
partitioning of geographic subpopulations includ-
ing the separation between the northern and south-
ern Asian populations (K = 4, Fig. 1B) as well as
between major continental populations (e.g. K =7
for Africans, Fig. 1B, D, Fig. S6). As the current
dataset has a significant proportion of Asian strains
which can influence the structure analysis, we cre-
ated a balanced subset of EBV genomes by subsam-
pling similar numbers of sequences from each con-
tinent. The balanced dataset not only allowed us to
confirm both broad differences between continental
populations, but also fine-scale differentiation within
subcontinents (e.g. northern and southern China;
Fig. S7). When we further extended the analysis to
healthy samples only, we observed similar popula-
tion structure among continental EBV populations
(Fig. S8).

Even though the strong population structure in
EBV genomes associated with ethno-geographic
ranges was known, the high concordance between
geographic location and genetic differentiation
raised an interesting question: what is the evolu-
tionary relationship between continental subpopu-
lations of EBV? Previous studies have often focused
on the phylogenetic relationship between all the
EBV genomes which can be obfuscated by gene flow
between populations or recombination. However,
the global collection of EBV genomes allow us to
infer the population relationship (i.e. population
branching history) between EBV populations based
on the joint allele frequencies of variants across
the genome. By selecting geographic regions with
sufficient numbers of EBV sequences (n > S for
each region), we inferred a population history of
EBV populations. Interestingly, the EBV population
history had a topological relationship largely match-
ing human history (i.e. (Africa, (Europe, Asia))),
where lineages from Africa (e.g. Kenya) branch
off first from the basal position, followed by the
divergence of two sister clades from Europe and
Asia, respectively. Therefore, the overall branching
order of EBV populations seems to largely mimic
the history of humans. The long branch leading to
the Asian populations matches the high differenti-
ation of Asian EBVs from the rest of the world in
the PCA (Fig. 1C), possibly driven by historical
bottlenecks along the Asian lineage. To further
explore the fine-scale correlation between the hu-
man and viral history, we inferred the evolutionary
history of the corresponding human populations
(see Methods, Table S3, Fig. S9) and found that
human history matches almost perfectly with the
history of EBV with a very minor topological differ-
ence (i.e. Robinson-Foulds distance =2, Fig. 1E).
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Thus, the high concordance strongly suggests a
co-evolution history between EBVs and humans
(see later sections).

A clonal strain with much higher NPC
risk was found in southern China

Recent genome-wide association studies (GWAS)
of EBV genomes discovered a group of high-risk
EBV haplotypes strongly associated with the el-
evated NPC incidence in southern China [9,12-
14] (denoted as the southern China high-risk strain
for NPC, abbreviated as high-risk subtype or HRS,
Fig. $10). Interestingly, among the high-risk sub-
type, a clonal expansion was initially discovered [9],
but its distribution and evolutionary origin remain
unknown. In order to understand the prevalence
and geographic distribution of this clonal strain,
we inferred the evolutionary relationship between
all the unique type 1 EBV genomes (n = 1192,
unique sequences from dataset 2, see Methods) tak-
ing into account ancestral recombination (see Meth-
ods, Figs S11 and S12). Indeed, we found a group
of highly similar EBV genomes within the high-risk
subtype in southern China (denoted as the clonal
strain or Cl, Fig. 2A). Other strains outside of
the clonal clade within the high-risk subtype were
named as the non-clonal high-risk subtype (NC-
HRS). We found that the clonal strains accounted
for a significant proportion (i.e. $5.6% in Guangdong
and 24.6% in Hong Kong) of healthy individuals,
but are rare in other geographic locations (Fig. 2B,
Table S4), suggesting a localized expansion of the
clonal strain within southern China (Fig. 2B).

Looking across all the sequences, we found that
NPC cases from endemic southern China (including
Guangdong, Guangxi and Hong Kong) were highly
enriched for the clonal strain (Fig. 2A). As our pre-
vious GWAS study found that the high-risk subtype
has a much-increased NPC risk with an odds ratio
(OR) 0f 7.6 [9], when we compared the risk effect of
the clonal strain and the NC-HRS, we found that the
NPC risk effect for the clonal strain was significantly
larger (OR = 11.46; 95% CI = 7.13-18.43) than the
NC-HRS (OR = 6.19,95% CI = 3.38-11.34, Fig. 2C,
Table SS) when using other EBV subtypes (i.e. non
high-risk subtype) from southern China as the base-
line reference. The clonal strain had almost doubled
the NPC risk compared to the NC-HRS (OR = 1.85,
CI = 1.06-3.24, Fig. 2C, Table S5), an effect size
comparable to monogenic high penetrance muta-
tions. Therefore, the NPC risk associated with the
clonal strain was far greater than any other known
risk factors for NPC, leading to a strong match
between the EBV distribution (Fig. 2B) and NPC in-
cidence (Fig. 2D).
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A north-south recombination event drives
the origin of the clonal strain

The highly similar sequences together with the re-
stricted geographic distribution for the clonal strain
imply a recent origin in southern China. Moreover,
similar to several previous studies [22,25], we de-
tected extensive recombination events throughout
the history of EBV sequences with the clonal strains
have nearly identical recombination profiles, sug-
gesting a possible mosaic ancestry for the clonal
strains (Fig. S11). In order to systematically explore
possible ancestral relationships between the clonal
clade and other lineages, we first computed pairwise
sequence similarity between the clonal clade and
all the other sequences using a sliding-window ap-
proach (see Methods). Interestingly, we found the
genomes of the clonal strain (i.e. C1) are highly sim-
ilar to a subgroup of strains from southern China
(ie. denoted as S1) except the middle part of the
genome (starting from ~S4k to ~107k, spanning
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EBNA3A-C and BZLF1) where it is most similar to
a subgroup of EBV genomes from northern China
(denoted as N1). To further test the mosaic origin
across the genome, we calculated genetic distance
(i.e. FST [26]) between the clonal strains (i.e. C1)
and the other two subgroups (i.e. S1 from south-
ern China and N1 from northern China) and ob-
served a strong discontinuity in the middle part of
the genome where C1 is more similar to S1 on both
ends of the genome, but highly similar to N1 in the
middle part of the genome (Fig. 3B). Taken together,
both the sequence similarity (Fig. 3A) and genetic
differentiation analyses (i.e. FST, Fig. 3B) supported
a mosaic ancestry for the clonal clade.

In order to formally test for the presence of re-
combination, we used RDPS [27], a computational
package which includes seven different methods
for detecting recombination (RDP, GENECONYV,
BootScan, MaxChi, Chimera, SiScan and 3Seq) and
tested for possible recombination events between
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C1, S1 and N1 (see Methods). Interestingly, all the
methods implemented in RDPS unanimously de-
tected strong signals of this recombination event
(Fig. 3C for the RDP method, P-value < 107¢
across all the other methods, Table S6). Collec-
tively, all our analyses supported that recombina-
tion between a subgroup of southern and northern
strains created the highly pathogenic clonal strain
for NPC.
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Molecular dating revealed a recent
origin of the clonal clade

The recombination between the southern and
northern strains posits an interesting question: when
did the northern and southern strains come together
to ‘reproduce’ the highly pathogenic clonal strain.
In order to date the origin of the clonal strain, we
first identified putative non-recombining genomic
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regions and subsequently performed molecular
dating of the clonal strain based on tip dates (see
Methods) [28]. Even though there are a substantial
number of EBV sequences in the database, the col-
lection dates of these sequences only span around
40 years. The short time-span of the tip branches
thus yields a non-significant temporal signal in the
time-calibrated phylogeny when we performed a
date-randomization test (Fig. S13). One powerful
alternative in molecular dating is sampling ancient
specimens. However, a literature search only found
a shallowly sequenced EBV genome from chewed
birch pitch 5700 years ago [29]. Even though there
is an appreciable divergence between the ancient
and extant samples, the number of high-confidence
sites from the ancient EBV genome was very limited
(nt = 3775 bp) and the tip date analysis also indi-
cated non-significant temporal information in the
time-calibrated phylogeny (Fig. S13, Table S7).

Without enough temporal signal from tip dates,
we calibrated the EBV phylogeny based on the his-
tory of human migration as we observed a broad con-
cordance between human and EBV history (Fig. 1E).
In particular, when we set the split time between
Asians and Europeans to be 40.6 thousand years with
a 95% confidence interval spanning 36.0 and 45.2
kyrs [30], the tMRCA of all type 1 EBVs was found
to be 68 282 [43 782, 97 302] years before present
in the best fitted model (Fig. 4D, Table S7), broadly
matching the time of human migration out of Africa
[30].

Based on this calibration, we estimated that the
clonal clade arose 4095 [2133, 6344] years ago
(Fig. 4D). This time of origin, i.e. the time of the
recombination event between N1 and S1 strains, co-
incides with the estimates from ancient DNA evi-
dence that a major episode of increased northern
Chinese ancestry spreading to southern China after
the Neolithic ~3000-5000 years ago [31]. Interest-
ingly, the estimated mutation rate by this approach
(6.4x1078) is quite similar to the mutation rate esti-
mates for herpes viruses (e.g. HSV-1, 3.5x 10~ % sub-
stitutions per site per year [32,33]). These estimates
are quite robust when we performed the same anal-
ysis based on different subsets of datasets (Fig. S14).
Taken together, even though we only calibrated part
of EBV history (Asian strains vs the rest) against the
divergence between Europeans and Asians, we re-
vealed a highly concordant evolutionary history be-
tween EBVs and humans across all time.

Strong Darwinian selection drives rapid
expansion of the clonal clade and the
rise of NPC in southern China

The recent origin together with the high frequency

of the clonal strain in southern China suggests that
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Darwinian selection might be driving the rapid ex-
pansion of the clonal clade. To test this hypothesis,
we plotted the folded site frequency spectra (SFS)
of the variants across the EBV genomes in southern
China (e.g. Hong Kong in Fig. 4E, Guangdong in
Fig. S15) and observed an enrichment of both rare
and intermediate frequency variants, a typical sig-
nature of ongoing Darwinian selection. Using pop-
ulation genetic methods targeting ongoing selective
sweeps (i.e. incomplete sweep) [33], we found that
both Fu and Li’s D* and F* strongly deviate from the
neutral expectation (Fig. 4E inset, P-value < 0.01 for
Hong Kong), suggesting that strong adaptive evo-
lution may have driven the rapid expansion of the
clonal strain (Fig. S15).

The recent origin and highly restricted geo-
graphic distribution together with a strong local se-
lective signal suggest that an extremely strong adap-
tation occurred in southern China. In order to esti-
mate the selective advantage of the clonal strain as
compared to other EBV strains from southern China,
we modelled the haplotype frequency of EBVs in
humans over time using the Wright-Fisher model
(haploid selection model, see Methods). In order to
reach an observed allele frequency of 0.309 (aver-
age frequency of the clonal strain in Guangdong and
Hong Kong) in such a short period of time (i.e. 4095
years ago, 95% CI = 2133-6344 years), the fitness
advantage for the clonal clade compared to other
non-clonal strains was estimated to be 4.2% (95%
CI = 2.7%-8.2%, Fig. 4F). The estimated selective
coefficient is exceptionally strong when compared
to known adaptations in model and non-model or-
ganisms [34,35]. As a corollary to the rapid rise of
the clonal clade, NPC prevalence could rapidly in-
crease from 0.069% to the current 0.163% in south-
ern China over the past 2000 years (Fig. 4G) and
the NPC risk attributable to the clonal clade could
rise remarkedly from 3.68% to 65.55% (Fig. 4H,
Table S8), whereas the NC-HR strains only con-
tributed to ~14.18% of the NPC cases. This under-
scores the substantial impact of the clonal strain in
driving NPC risk in southern China. Taken together,
the star-shaped genealogy (Fig. 2A) and recent ori-
gin (Fig. 4D) together with high regional frequency
(Fig. 2B) strongly pointed to Darwinian selection as
the driving force for the rapid expansion of the clonal
clade, leading to the rise of NPC in southern China.

DISCUSSION

Through sequencing and assembling one of the
largest datasets of EBV genomes from all over the
world, we systematically explored the population
structure of EBV and subsequently found that EBV
had an evolutionary history broadly matching the
out-of-Africa migration of humans, suggesting a
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Figure 4. The timing of the clonal clade. (A) The substitution rate estimates (s/s/y) under different parameter settings. The
models are specified as ‘clock model’_"population prior” where clock models can be strict clock (SC) or optimized relaxed
clock (ORC) and population priors can be constant, exponential or Bayesian skyline (BS). The best-fit models are marked
as *. (B) tMRCA (kyr) of all the type 1 EBV sequences under different parameter settings. (C) tMRCA of the clonal clade under
different parameter settings. (D) The dated phylogeny with major nodes as well as calibration point labelled. (E) The folded
site frequency spectrum of the EBV genomes in Hong Kong. The expected and observed values were plotted as discrete
counts. The inset figures show the neutral distribution of Fu and Li's D* and F* values (95% Cl are shaded in purple) and
the observed values (as red vertical lines). (F) Frequency trajectories of the recombinant strain (i.e. C1) given the estimated
time of origin (4095, Cl = [2133, 6344]) and haploid selection model. The estimated selective coefficient was labelled with
nearby different trajectories. (G) The prevalence of NPC cases as a function of the frequency of the clonal clade through time
(in yellow, see Methods). The blue and red dashed lines represent the prevalence of NPC attributable to the clonal (red) and
non-clonal strains (blue). (H) The population attributable fraction (PAF) of NPC due to the clonal strain (in red) and non-clonal
strains (in blue) (see Methods).
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co-evolutionary history between EBVs and humans.
Through recombination analysis, we found that a
rapidly expanding clonal strain in southern China
originated from a recombination event between EBV
strains from northern and southern China. The
clonal strain has almost doubled the risk for NPC
compared to the previously identified high-risk EBV
subtype and explains ~66% of the NPC cases, rep-
resenting the highest risk factor for NPC identified
so far. Through molecular genetic analysis, we found
that the clonal strain originated in southern China
around 4000 years ago via a recombination event be-
tween northern and southern EBV strains. We esti-
mated that the clonal strain then increased rapidly
in frequency, driven by strong Darwinian evolution
with a selective advantage as high as 4.2%. Taken to-
gether, we revealed an extraordinary journey EBV
has traveled with us where adaptation initiated first
by human migration and subsequently a recombina-
tion event in a tumor virus, led to a cancer epidemic
in southern China.

Despite the general intuition that slowly evolving
pathogens like herpesviruses are likely to co-evolve
with humans [17,36], the co-evolutionary history
between EBV and humans has never been discovered
before. The strong latency program in B cells devel-
oped by EBV and a tendency of vertical transmis-
sion in humans [37-39] might be important mech-
anistic factors driving this co-evolution relationship.
To our knowledge, EBV might be one of the best ex-
amples (the other examples being TB [40] and H.
Pylori [41]) of co-evolution between humans and
pathogens. The rise of the clonal strain in southern
China also explains why NPC prevalence remains al-
most unchanged among the southern Chinese popu-
lations, despite declines in exposure to known envi-
ronmental factors like smoking and salted-fish con-
sumption over the past three decades [6].

The common hypothesis for the origin of the
Cantonese cancer is that NPC was transmitted to
Han Chinese from ancient Bai-Yue through admix-
ture between these two ethnic groups [18]. The ori-
gin of the clonal strain brought together multiple
pieces of evidence from human evolution and pro-
vided a new perspective on the rise of NPC in south-
ern China. After the ancient Bai-Yue diverged from
other Chinese populations 4000 to 7400 years ago
[42], gene flow from northeast to southeast Asia sig-
nificantly increased starting ~3000 to 5000 years
ago [31]. During this time, the most likely origin of
the Cantonese cancer could be that a subgroup of
northern Chinese carrying the N1 EBV lineage mi-
grated to southern China and admixed with a sub-
group of Bai-Yue people carrying the S1 EBV lineage.
The population admixture allowed the N1 and S1
EBV lineages to recombine and generate the clonal
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strain (C1) ~4000 years ago. The high fitness of the
clonal strain together with its much-elevated NPC
risk led to a rapid clonal expansion and high inci-
dence of NPC in southern Chinese. Thus, this study
discovered how human migration, population ad-
mixture, recombination, and natural selection act
in concert to drive a cancer epidemic in southern
China. Moreover, our findings also provide impor-
tant insights into an emerging landscape where local
adaptations of EBV in different human populations
could lead to diverse pathological conditions.

There are a few limitations to the current study
worth discussing here. First of all, as EBV associated
diseases are quite distinctive in different geographic
locations [8], current samples in the public database
are biased due to the unique disease epidemiology
(Supplementary Note 1, Figs S8 and S16). More-
over, very few healthy samples were collected ex-
cept Europe and Asia, which prevent a ‘disease-free’
analysis of EBV evolution (Table S2). Even though
we found that the sampling bias can often be al-
leviated and will not affect many of the evolution-
ary inferences (Supplementary Note 1), depicting a
complete picture of EBV evolution across the world
would require a comprehensive dataset with more
balanced samples in the coming future. Second, the
history of the recombination event is only partially
inferred. For example, the sequence alignment to the
right of the large repetitive region is quite suboptimal
(Fig. S17), which prevents identifying the definitive
parental source in the associated genomic region. Fu-
ture studies with long read sequencing might be able
to resolve this problem more thoroughly. Third, the
exact mechanism of selection on the clonal strain
is not yet known. Even though the higher fitness
advantage of the clonal clade is correlated with in-
creased NPC risk, it is hard to imagine natural selec-
tion will directly select on the oncogenic potential
of EBV, as cancer usually occurs post-reproduction
and hence would not be expected to be subject to
strong selection. At this moment, it is still quite chal-
lenging to pinpoint the exact gene or mutation for
the selective advantage. However, there are a few in-
teresting observations from the literature worth dis-
cussing here. For instance, the clonal strain is found
to carry a high-frequency mutation, creating a novel
epitope (from IVTDFSVIK to IVTDFSVIKN) in
the EBNA-3B gene, which was found to abolish the
presentation by HLA-A*11 allele in several previ-
ous studies [43-45]. Thus, this mutation may con-
fer a selective advantage in the southern Chinese
population, where the Ax1l1 allele is frequent. In
addition, the clonal strain may also have distinct
functional properties that enhance its spread. For ex-
ample, M81, a clonal strain derived from the NPC
tumor, displays epitheliotropism and a high level
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of spontaneous replication in B cells [46]. These
derived traits may facilitate its transmission, poten-
tially irrespective of immunogenic differences be-
tween human populations. Last, it remains unknown
why the clonal strain is thus far geographically con-
strained in southern China given the rate of migra-
tion among human populations. The short time span
and biased gene flow (north-south migration) might
contribute to the unique geographic range. In addi-
tion, we hypothesize that viral and human interac-
tions could also contribute to the high fitness of the
clonal strain in southern Chinese. Sequencing addi-
tional human populations together with their EBV
genomes might be able to unravel a more detailed
history of co-evolution between EBVs and humans
in East Asia, opening further avenues for controlling
and eradicating NPC in southern China.

MATERIALS AND METHODS

For detailed materials and methods, please see the
Supplementary information.

Whole-genome sequencing of EBV
genomes from China

A total of 118 tissue samples including saliva
and tumor specimens were collected from China
(Table S1) and sequenced using next-generation
sequencing. Data preprocessing and variant iden-
tification were performed. Consensus genome
sequences were obtained for each sample using a
custom python script.

Public data curation and multiple
sequence alignment

We retrieved 1360 public EBV genomes from
the NCBI nucleotide database (up to July, 2022)
(Table S2). After multiple sequences alignment
and quality control for merged public and private
datasets, 1334 EBV genome sequences were retained
for further analysis (Fig. S2). Single nucleotide vari-
ations (SNVs) for the aligned data were extracted by
custom python script.

Principal component analysis and
population structure analysis

Principal component analysis (PCA) and PC load-
ings were calculated using smartpca from EIGEN-

SOFT. Population structure analysis was performed
using Admixture.
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Population history across humans and
EBVs

We inferred both the EBV and human population
branching history based on the joint allele frequen-
cies across regional populations using TreeMix, we
rooted both trees with the African populations and
compared the trees in R.

Recombination analysis and
identification of the clonal strain

Gubbins was used for inferring recombination
events and pairwise similarity was calculated in R.
Here, we defined clonal strain as a group of highly
similar and non-recombinant strains forming a
monophyletic clade in the phylogenetic tree inferred
from Gubbins. Mean similarity between genomes
from the clonal clade C1 to others was calculated
in R. RDPS was used to detect the recombination
events based on consensus genomes of focal clades
(S1,N1, C1). Fst between samples from these clades
(N1, S1 and C1) were calculated using vcftools.

Association analysis

The association between NPC and EBV subtypes
was analyzed using a logistic regression model in
a cohort from Guangdong or Hong Kong (Test
1 in Fig. 2C). The logistic regression model was
exclusively applied to NC-HRS and the clonal strain
(Test 2 in Fig. 2C) to estimate the NPC risk associ-
ated with clonal strain compared to NC-HRS sub-
type. The age-standardized incidence rate (ASR, per
100 000) data were collected from public report.

Molecular dating

Molecular dating and date-randomization tests
(DRTs) were performed based on random sampling
of EBV genomes. We used different priors for molec-
ular dating. The EBV genome of a 5700 years-old
sample [29] was also downloaded for molecular
dating.

Selection analysis

The actual folded site frequency spectrum (SES) was
calculated based on real data, while the expected SFS
is computed under the neutral expectation. The Fu
and Li’s test was also performed. We then employed
a haploid selection model from Population Genetics
to estimate the selective coefficient of the recombi-
nant virus.
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Contribution of different EBV subtypes to
the NPC risk

The contribution of EBV strains to the NPC risk was
evaluated by population attributable fraction (PAF)
and NPC prevalence in response to the estimated fre-
quency trajectory of the clonal strain over time.

DATA AVAILABILITY

The raw sequence data of EBV genomes reported in this paper
have been deposited in the Genome Sequence Archive [47] in
National Genomics Data Center [48], China National Center for
Bioinformation/Beijing Institute of Genomics, Chinese Academy
of Sciences (GSA: CRA015697) that are publicly accessible at
https://ngdc.cncb.ac.cn/gsa.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

FUNDING

This work was supported by the National Key Research and De-
velopment Program of China (2022YFC2305400) and National
Science Foundation of China (32293192/32293190, 92259303,
31970566, 32000407, 82122050), Strategic Priority Research
Program of the Chinese Academy of Sciences (XDA0460305).
M.L is supported by the National Key R&D Program of China
(2019YFA0709501) and National Natural Science Foundation
of China (11971459). W.Z is supported in part by Strategic
Priority Research Program of the Chinese Academy of Sci-
ences (XDPB17), and National Key R&D program of China
(2018YFC1406902 and 2018YFC0910400) and internal grants
from IoZ (20241070108, 20231070302, and 202310Z0205).

ACKNOWLEDGEMENTS

We would like to thank Chung-I Wu, Ziheng Yang, Rasmus
Nielsen, George Zhang, Xionglei He, Chi Zhang for their con-

structive comments.

AUTHOR CONTRIBUTIONS

W.Z., M.X,, J.L. conceived and designed the project. W.Z., M.X,,
J.L., LM. directed the study. M.X., Y.C,, J.L. performed experi-
mental work. X.Z. conducted genomic and evolutionary analysis,
with contributions from Y.Y,, H.C,, Z.C.,, M.L,, S.C, T.C,, H.H,,
YL, Z.L,LH DW, Y.C.and M.X. performed the epidemiologi-
cal analysis. S.C. and S.X. performed the analysis of human popu-
lations. W.Z., M.X.,, X.Z.,Y.C. prepared the manuscript with inputs

from all other authors.

Conflict of interest statement. None declared.

REFERENCES

1. Young LS, Yap LF, Murray PG. Epstein-Barr virus: more than 50
years old and still providing surprises. Nat Rev Cancer2016; 16:
789-802.

Page 11 of 12

2.

(&)

Bjornevik K, Cortese M, Healy BC et al. Longitudinal analysis
reveals high prevalence of Epstein-Barr virus associated with
multiple sclerosis. Science 2022; 375: 296-301.

. Lanz TV, Brewer RC, Ho PP et al. Clonally expanded B cells in

multiple sclerosis bind EBV EBNA1 and GlialCAM. Nature 2022,
603: 321-7.

. Kanda T, Yajima M, Ikuta K. Epstein-Barr virus strain variation

and cancer. Cancer Sci2019; 110: 1132-9.

. Barrie W, Yang Y, Irving-Pease EK et al. Elevated genetic risk

for multiple sclerosis emerged in steppe pastoralist populations.
Nature 2024; 625: 321-8.

. Chang ET, Ye W, Zeng YX et al. The evolving epidemiology of

nasopharyngeal carcinoma. Cancer Epidemiol Biomarkers Prev
2021; 30: 1035-47.

. Tang LL, Chen WQ, Xue WQ et al. Global trends in incidence and

mortality of nasopharyngeal carcinoma. Cancer Lett 2016; 374:
22-30.

. Palser AL, Grayson NE, White RE et al. Genome diversity of

Epstein-Barr virus from multiple tumor types and normal infec-
tion. J Viro/ 2015; 89: 5222-37.

. Xu M, Yao Y, Chen H et al. Genome sequencing analysis iden-

tifies Epstein-Barr virus subtypes associated with high risk of
nasopharyngeal carcinoma. Nat Genet 2019; 51: 1131-6.

. White RE, Ramer PC, Naresh KN et al. EBNA3B-deficient

EBV promotes B cell lymphomagenesis in humanized mice and
is found in human tumors. J Clin Invest 2012; 122: 1487—
502.

. Vietzen H, Berger SM, Kuhner LM et al. Ineffective control of

Epstein-Barr-virus-induced autoimmunity increases the risk for
multiple sclerosis. Cel/2023; 186: 5705—18.

. Feng FT, Cui Q, Liu WS et al. A single nucleotide polymorphism

in the Epstein-Barr virus genome is strongly associated with a
high risk of nasopharyngeal carcinoma. Chin J Cancer 2015; 34:
563-72.

. Hui KF, Chan TF, Yang W et al. High risk Epstein-Barr virus vari-

ants characterized by distinct polymorphisms in the EBER locus
are strongly associated with nasopharyngeal carcinoma. /nt J
Cancer2019; 144: 3031-42.

. Xue WQ, Wang TM, Huang JW et al. A comprehensive analysis

of genetic diversity of EBV reveals potential high-risk subtypes
associated with nasopharyngeal carcinoma in China. Virus Evol
2021; 7: veab010.

. Bei JX, Li Y, Jia WH et al. A genome-wide association study

of nasopharyngeal carcinoma identifies three new susceptibility
loci. Nat Genet 2010; 42: 599-603.

. Cui Q, Feng @S, Mo HY et al. An extended genome-wide asso-

ciation study identifies novel susceptibility loci for nasopharyn-
geal carcinoma. Hum Mol Genet 2016; 25: 3626—34.

. Ehlers B, Spiess K, Leendertz F et al. Lymphocryptovirus phy-

logeny and the origins of Epstein-Barr virus. J Gen Virol 2010;
91: 63042

. Wee JT, Ha TC, Loong SL et al. Is nasopharyngeal cancer really

a "Cantonese cancer”? Chin J Cancer 2010; 29: 517-26.

. Kwok H, Wu CW, Palser AL et al. Genomic diversity of Epstein-

Barr virus genomes isolated from primary nasopharyngeal car-
cinoma biopsy samples. J Viro/ 2014; 88: 10662—72.

G20z 11dy 60 U0 1s9NB Aq 0252 16./8EFOEMU/Y/Z | /I01HE/ISU/WOS"dNO"D1WaPED.//:SANY WOy PAPEO|UMOQ


https://ngdc.cncb.ac.cn/gsa
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
http://dx.doi.org/10.1038/nrc.2016.92
http://dx.doi.org/10.1126/science.abj8222
http://dx.doi.org/10.1038/s41586-022-04432-7
http://dx.doi.org/10.1111/cas.13954
http://dx.doi.org/10.1038/s41586-023-06618-z
http://dx.doi.org/10.1158/1055-9965.EPI-20-1702
http://dx.doi.org/10.1016/j.canlet.2016.01.040
http://dx.doi.org/10.1128/JVI.03614-14
http://dx.doi.org/10.1038/s41588-019-0436-5
http://dx.doi.org/10.1172/JCI58092
http://dx.doi.org/10.1016/j.cell.2023.11.015
http://dx.doi.org/10.1002/ijc.32049
http://dx.doi.org/10.1093/ve/veab010
http://dx.doi.org/10.1038/ng.601
http://dx.doi.org/10.1093/hmg/ddw200
http://dx.doi.org/10.1099/vir.0.017251-0
http://dx.doi.org/10.5732/cjc.009.10329
http://dx.doi.org/10.1128/JVI.01665-14

20.

2

22.

23.

24.

25.

26.
27.

28.

29.

30.

3

32.

33.

34.

Natl Sci Rev, 2025, Vol. 12, nwae438

Santpere G, Darre F, Blanco S et al. Genome-wide analysis of wild-type Epstein-
Barr virus genomes derived from healthy individuals of the 1,000 Genomes
Project. Genome Biol Fvol 2014; 6: 846—60.

. Chiara M, Manzari C, Lionetti C et al. Geographic population structure in

Epstein-Barr virus revealed by comparative genomics. Genome Biol Evol 2016;
8:3284-91.

Zanella L, Riquelme |, Buchegger K et al. A reliable Epstein-Barr virus clas-
sification based on phylogenomic and population analyses. Sci Rep 2019; 9:
9829.

Sample J, Young L, Martin B et al. Epstein-Barr virus types 1 and 2 differ in
their EBNA-3A, EBNA-3B, and EBNA-3C genes. J Viro/ 1990; 64: 4084-92.
Alexander DH, Novembre J, Lange K. Fast model-based estimation of ancestry
in unrelated individuals. Genome Res 2009; 19: 1655-64.

Berenstein AJ, Lorenzetti MA, Preciado MV. Recombination rates along the
entire Epstein Barr virus genome display a highly heterogeneous landscape.
Infect Genet Evol 2018; 65: 96—103.

Wright S. The genetical structure of populations. Ann Fugen 1951; 15: 323-54.
Martin DP, Varsani A, Roumagnac P et al. RDP5: a computer program for analyz-
ing recombination in, and removing signals of recombination from, nucleotide
sequence datasets. Virus Fvol 2021; 7: veaa087.

Drummond AJ, Nicholls GK, Rodrigo AG et al. Estimating mutation parame-
ters, population history and genealogy simultaneously from temporally spaced
sequence data. Genetics 2002; 161: 1307-20.

Jensen TZT, Niemann J, Iversen KH et al. A 5700 year-old human genome and
oral microbiome from chewed birch pitch. Nat Commun 2019; 10: 5520.
Nielsen R, Akey JM, Jakobsson M et al. Tracing the peopling of the world
through genomics. Nature 2017; 541: 302—10.

. Yang MA, Fan X, Sun B et al. Ancient DNA indicates human population shifts

and admixture in northern and southern China. Science 2020; 369: 282-8.
Sarisky RT, Nguyen TT, Duffy KF et al. Difference in incidence of spontaneous
mutations between Herpes simplex virus types 1 and 2. Antimicrob Agents
Chemother 2000; 44: 1524-9.

Fu YX and Li WH. Statistical tests of neutrality of mutations. Genetics 1993;
133: 693-709.

Eyre-Walker A and Keightley PD. The distribution of fitness effects of new mu-
tations. Nat Rev Genet 2007; 8: 610-8.

35.

36.

37.

38.

39.

40.

4

=

42.

43.

44.

45.

46.

47.

48.

Fan S, Hansen ME, Lo Y et al. Going global by adapting local: a review of recent
human adaptation. Science 2016; 354: 54-9.

Holmes EC. Evolutionary history and phylogeography of human viruses. Annu
Rev Microbiol 2008; 62: 307-28.

Xiong G, Zhang B, Huang MY et al. Epstein-Barr virus (EBV) infection in Chinese
children: a retrospective study of age-specific prevalence. PLoS One 2014; 9:
£99857.

Wong KCW, Hui EP, Lo KW et al. Nasopharyngeal carcinoma: an evolving
paradigm. Nat Rev Clin Oncol 2021; 18: 679-95.

Liu Z, Chang ET, Liu Q et al. Quantification of familial risk of nasopharyngeal
carcinoma in a high-incidence area. Cancer 2017; 123: 2716-25.

Comas I, Coscolla M, Luo T et al. Out-of-Africa migration and Neolithic coex-
pansion of mycobacterium tuberculosis with modern humans. Nat Genet 2013;
45: 1176-82.

. Linz B, Balloux F, Moodley Y et al. An African origin for the intimate association

between humans and Helicobacter pylori. Nature 2007; 445: 915-8.

Chen H, Lin R, Lu Y et al. Tracing Bai-Yue ancestry in aboriginal Li people on
Hainan Island. Mol Biol Evol 2022; 39: msac210.

de Campos-Lima PO, Gavioli R, Zhang QJ et al. HLA-A11 epitope loss isolates of
Epstein-Barr virus from a highly A11+ population. Science 1993; 260: 98—100.
Midgley RS, Bell Al, McGeoch DJ et al. Latent gene sequencing reveals fa-
milial relationships among Chinese Epstein-Barr virus strains and evidence for
positive selection of A11 epitope changes. J Viro/ 2003; 77: 11517-30.
Midgley RS, Bell Al, Yao QY et al. HLA-A11-restricted epitope polymorphism
among Epstein-Barr virus strains in the highly HLA-A11-positive Chinese pop-
ulation: incidence and immunogenicity of variant epitope sequences. J Viro/
2003; 77: 11507-16.

Tsai MH, Raykova A, Klinke O et al. Spontaneous lytic replication and epithe-
liotropism define an Epstein-Barr virus strain found in carcinomas. Cell Rep
2013; 5: 458—-70.

Chen T, Chen X, Zhang S et al. The genome sequence archive Family: toward
explosive data growth and diverse data types. Genom Proteomics Bioinformat-
ics 2021;19: 578-83.

Members C-N, Partners. Database Resources of the National Genomics Data
Center, China National Center for Bioinformation in 2022. Nucleic Acids Res
2022; 50: D27-38.

© The Author(s) 2024. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

Page 12 of 12

G20z 1Mdy B0 U0 1836 Aq 02521 6./8EYOEMU/F/Z | /2I01ME/ISU/WOS"dNO"0lWaPEE//:SANY WOy PAPEojuMOQ


http://dx.doi.org/10.1093/gbe/evu054
http://dx.doi.org/10.1093/gbe/evw226
http://dx.doi.org/10.1038/s41598-019-45986-3
http://dx.doi.org/10.1128/jvi.64.9.4084-4092.1990
http://dx.doi.org/10.1101/gr.094052.109
http://dx.doi.org/10.1016/j.meegid.2018.07.022
http://dx.doi.org/10.1093/ve/veaa087
http://dx.doi.org/10.1038/s41467-019-13549-9
http://dx.doi.org/10.1038/nature21347
http://dx.doi.org/10.1126/science.aba0909
http://dx.doi.org/10.1093/genetics/133.3.693
http://dx.doi.org/10.1038/nrg2146
http://dx.doi.org/10.1126/science.aaf5098
http://dx.doi.org/10.1146/annurev.micro.62.081307.162912
http://dx.doi.org/10.1371/journal.pone.0099857
http://dx.doi.org/10.1038/s41571-021-00524-x
http://dx.doi.org/10.1002/cncr.30643
http://dx.doi.org/10.1038/ng.2744
http://dx.doi.org/10.1038/nature05562
http://dx.doi.org/10.1093/molbev/msac210
http://dx.doi.org/10.1126/science.7682013
http://dx.doi.org/10.1128/JVI.77.21.11517-11530.2003
http://dx.doi.org/10.1128/JVI.77.21.11507-11516.2003
http://dx.doi.org/10.1016/j.celrep.2013.09.012
http://dx.doi.org/10.1016/j.gpb.2021.08.001
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS
	Sequencing and curation a global dataset of EBV genomes
	The evolutionary history of EBV genomes mirrors recent human migration
	A clonal strain with much higher NPC risk was found in southern China
	A north-south recombination event drives the origin of the clonal strain
	Molecular dating revealed a recent origin of the clonal clade
	Strong Darwinian selection drives rapid expansion of the clonal clade and the rise of NPC in southern China

	DISCUSSION
	MATERIALS AND METHODS
	Whole-genome sequencing of EBV genomes from China
	Public data curation and multiple sequence alignment
	Principal component analysis and population structure analysis
	Population history across humans and EBVs
	Recombination analysis and identification of the clonal strain
	Association analysis
	Molecular dating
	Selection analysis
	Contribution of different EBV subtypes to the NPC risk

	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	FUNDING
	ACKNOWLEDGEMENTS
	AUTHOR CONTRIBUTIONS
	REFERENCES

