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ABSTRACT 

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 40 0 0 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 
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[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 [5 ]. Among EBV-related diseases, NPC 

has the most significant population disparity, with 
a more than 20-fold increase in incidence rates in 
southern China (13.9–25.0/10 0 0 0 0 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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NTRODUCTION 

pstein-Barr virus (EBV) is the first identified onco-
enic virus, persistently infecting > 90% of the hu-
an populations. Despite its frequent asymptomatic
ersistence after primary infection, EBV has been
inked to a wide spectrum of malignancies, including
ndemic Burkitt’s lymphoma (BL), Hodgkin lym-
homa (HL), NK/T cell lymphomas, a subtype of
astric cancer (GC), nasopharyngeal cancer (NPC)
1 ] as well as recently reported multiple sclero-
is (MS) [2 ,3 ]. One remarkable observation is that
any of these EBV-associated diseases have distinc-

ive geographic distributions and ethnic disparities 
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ddressing population disparities in EBV-related dis-
ases. Even though EBV variations have been shown
o contribute to a number of diseases including lym-
homagenesis [10 ] and MS [11 ], one of the most
ompelling associations linking EBV subtypes to lo-
ally endemic diseases comes from NPC [9 ,12 –14 ].
ven though genetic associations in human popu-
ations identified a number of risk variants includ-
ng HLA and CDKN2A [15 ,16 ], the contribution of
hese loci to the overall risk seems to be rather mod-
st. Recent studies have revealed that a high-risk EBV
ubtype remarkably prevalent among the southern
hinese population, was the most significant risk
actor identified to date with an estimated odds ra-
io (OR) as large as 7.6 for NPC and contributed
ver 80% of the population risk of NPC in southern
hina [9 ,12 –14 ]. However, the origin of the high-
isk strain and the reasons for its endemic prevalence
emain elusive. 
As a member of the primate-specific gamma-1

erpesvirus, which belongs to genus Lymphocryp-
ovirus , EBV has been co-evolving with us since hu-
an origin [17 ]. Most individuals are asymptomatic
arriers of EBV, maintaining an exquisite balance be-
ween host and pathogen. NPC, like many other
BV-related malignancies, represents a rare conse-
uence of EBV infection. The emergence of NPC in
outhern China posits a puzzling scenario, which has
een hypothesized to be related to the transmission
f genetic risk factors or life history traits (e.g. salt fish
onsumption) to the Han Chinese from ancient Bai-
ue (Tai-Kadai speaking people living in southern
hina) through the admixture of these two ethnic
roups [18 ]. How EBV could have evolved with us
ince our migration out of Africa and how the high-
isk strain has arisen, driving the origin of NPC in
outhern China remains unknown. 
In this study, we sequenced and assembled one

f the largest datasets of EBV genome sequences
rom healthy controls and individuals with EBV-
e lated diseases. Through population genetic anal-
ses, we dissected the global distribution of EBV
nd explored the relationship between humans and
BVs. Interestingly, among the high-risk subtype
or NPC, we discovered a rapidly expanding clonal
train which has doubled the risk for NPC compared
o the high-risk subtype, representing the highest risk
or NPC identified so far. Through molecular ge-
etic analysis, we dissected the evolutionary origin of
he clonal strain and explored how Darwinian evolu-
ion might drive the rapid rise of this strain. Taken
ogether, we unraveled an interesting case of how
uman migration had triggered a highly-pathogenic
ecombinant pathogen followed by a subsequent
lonal expansion, leading to a cancer epidemic in
outhern 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 ki l ler/T-cel l lymphoma (NKTL, n = 19) across
northern and southern China. To better understand 
EBV’s global distribution and evolution, we retrieved 
al l avai lable EBV genomic sequences ( n = 1360)
from the NCBI database covering all major conti- 
nental populations (Fig. 1 A, Supplementary data). 
Indeed, 78% of all sequences were generated after 
2018 with a strong representation of strains from 

East Asia (Fig. 1 A 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. 1 A, 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 prev ious studies w ith 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 
S5) [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. 1 B and 1 C,

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
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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: GS � (2025) 0056 �. 
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ig. S6) [8 ,21 ]. With increasing number of clusters
n the admixture analysis [24 ], we observed serial
artitioning of geographic subpopulations includ-
ng the separation between the northern and south-
rn Asian populations (K = 4, Fig. 1 B) as well as
etween major continental populations (e.g. K = 7
or Africans, Fig. 1 B, D, Fig. S6). As the current
ataset has a significant proportion of Asian strains
hich can influence the structure analysis, we cre-
ted a balanced subset of EBV genomes by subsam-
ling similar numbers of sequences from each con-
inent. The balanced dataset not only allowed us to
onfirm both broad differences between continental
opulations, but also fine-scale differentiation within
ubcontinents (e.g. northern and southern China;
ig. S7). When we further extended the analysis to
ealthy samples only, we observed similar popula-
ion structure among continental EBV populations
 Fig. S8). 
Even though the strong population structure in

BV genomes associated with ethno-geographic
anges was known, the high concordance between
eographic location and genetic differentiation
aised an interesting question: what is the evolu-
ionary relationship between continental subpopu-
ations of EBV? Previous studies have often focused
n the phylogenetic relationship between all the
BV genomes which can be obfuscated by gene flow
etween populations or recombination. However,
he global collection of EBV genomes allow us to
nfer the population relationship (i.e. population
ranching history) between EBV populations based
n the joint allele frequencies of variants across
he genome. By selecting geographic regions with
ufficient numbers of EBV sequences ( n ≥ 5 for
ach region), we inferred a population history of
BV populations. Interestingly, the EBV population
istory had a topological relationship largely match-
ng human history (i.e. (Africa, (Europe, Asia))),
here lineages from Africa (e.g. Kenya) branch
ff first from the basal position, followed by the
ivergence of two sister clades from Europe and
sia, respectively. Therefore, the overall branching
rder of EBV populations seems to largely mimic
he history of humans. The long branch leading to
he Asian populations matches the high differenti-
tion of Asian EBVs from the rest of the world in
he PCA (Fig. 1 C), possibly driven by historical
ottlenecks along the Asian lineage. To further
xplore the fine-scale correlation between the hu-
an and viral history, we inferred the evolutionary
istory of the corresponding human populations
see Methods, Table S3, Fig. S9) and found that
uman history matches almost perfectly with the
istory of EBV with a very minor topological differ-
nce (i.e. Robinson-Foulds distance = 2, Fig. 1 E).
Page 4 of 12
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. S10). 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 C1, Fig. 2 A). Other strains outside of 
the clonal clade within the high-risk subtype were 
named as the non-clonal high-risk subt ype (NC - 
HRS). We found that the clonal strains accounted 
for a significant proportion (i.e. 55.6% in Guangdong 
and 24.6% in Hong Kong) of healthy individuals, 
but are rare in other geographic locations (Fig. 2 B, 
Table S4), suggesting a localized expansion of the 
clonal strain within southern China (Fig. 2 B). 

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. 2 A). As our pre-
v ious GWA S study found that the high-risk subtype 
has a much-increased NPC risk with an odds ratio 
(OR) of 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. 2 C,
Table S5) 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. 2 C, 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. 2 B) and NPC in- 
cidence (Fig. 2 D). 
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 north-south recombination event drives 
he origin of the clonal strain 

he highly similar sequences together with the re-
tricted geographic distribution for the clonal strain
mply a recent origin in southern China. Moreover,
imilar to several previous studies [22 ,25 ], we de-
ected extensive recombination events throughout
he history of EBV sequences with the clonal strains
ave nearly identical recombination profiles, sug-
esting a possible mosaic ancestry for the clonal
trains ( Fig. S11). In order to systematically explore
ossible ancestral relationships between the clonal
lade and other lineages, we first computed pairwise
equence similarity between the clonal clade and
ll the other sequences using a sliding-window ap-
roach (see Methods). Interestingly, we found the
enomes of the clonal strain (i.e. C1) are highly sim-
lar to a subgroup of strains from southern China
i.e. denoted as S1) except the middle part of the
enome (starting from ∼54k to ∼107k, spanning
Page 5 of 12
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. 3 B). Taken together, 
both the sequence similarity (Fig. 3 A) and genetic 
differentiation analyses (i.e. FST, Fig. 3 B) supported 
a mosaic ancestry for the clonal clade. 

In order to formally test for the presence of re-
combination, we used RDP5 [27 ], a computational 
package which includes seven different methods 
for detecting recombination (RDP, GENECONV, 
BootScan, MaxChi, Chimera, SiScan and 3Seq) and 
tested for possible recombination events between 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
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1, S1 and N1 (see Methods). Interestingly, all the
ethods implemented in RDP5 unanimously de-
ected strong signals of this recombination event
Fig. 3 C for the RDP method, P -value ≤ 10−6 

cross all the other methods, Table S6). Collec-
ively, all our analyses supported that recombina-
ion between a subgroup of southern and northern
trains created the highly pathogenic clonal strain

or NPC. 

Page 6 of 12
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 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
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egions and subsequently performed molecular
ating of the clonal strain based on tip dates (see
ethods) [28 ]. Even though there are a substantial
umber of EBV sequences in the database, the col-
ection dates of these sequences only span around
0 years. The short time-span of the tip branches
hus yields a non-significant temporal signal in the
ime-calibrated phylogeny when we performed a
ate-randomization test ( Fig. S13). One powerful
lternative in molecular dating is sampling ancient
pecimens. However, a literature search only found
 shallowly sequenced EBV genome from chewed
irch pitch 5700 years ago [29 ]. Even though there
s an appreciable divergence between the ancient
nd extant samples, the number of high-confidence
ites from the ancient EBV genome was very limited
nt = 3775 bp) and the tip date analysis also indi-
ated non-significant temporal information in the
ime-calibrated phylogeny ( Fig. S13, Table S7). 
Without enough temporal signal from tip dates,

e calibrated the EBV phylogeny based on the his-
ory of human migration as we observed a broad con-
ordance between human and EBV history (Fig. 1 E).
n particular, when we set the split time between
sians and Europeans to be 40.6 thousand years with
 95% confidence interval spanning 36.0 and 45.2
yrs [30 ], the tMRCA of all type 1 EBVs was found
o be 68 282 [43 782, 97 302] years before present
n the best fitted model (Fig. 4 D, Table S7), broadly
atching the time of human migration out of Africa
30 ]. 
Based on this calibration, we estimated that the

lonal clade arose 40 95 [2133, 634 4] years ago
Fig. 4 D). This time of origin, i.e. the time of the
ecombination event between N1 and S1 strains, co-
ncides with the estimates from ancient DNA evi-
ence that a major episode of increased northern
hinese ancestry spreading to southern China after
he Neolithic ∼30 0 0–50 0 0 years ago [31 ]. Interest-
ngly, the estimated mutation rate by this approach
6.4 ×10−8 ) is quite similar to the mutation rate esti-
ates for herpes viruses (e.g. HSV-1, 3.5 ×10−8 sub-
titutions per site per year [32 ,33 ]). These estimates
re quite robust when we performed the same anal-
sis based on different subsets of datasets ( Fig. S14).
aken together, even though we only calibrated part
f EBV history (Asian strains vs the rest) against the
ivergence between Europeans and Asians, we re-
ealed a highly concordant evolutionar y histor y be-
ween EBVs and humans across all time. 

trong Darwinian selection drives rapid 

xpansion of the clonal clade and the 

ise of NPC in southern China 

he recent origin together with the high frequency
f the clonal strain in southern China suggests that
Page 7 of 12
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. 4 E, 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. 4 E 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 shor t 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. 4 F). 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 20 0 0 years (Fig. 4 G) and
the NPC risk attributable to the clonal clade could 
rise remarkedly from 3.68% to 65.55% (Fig. 4 H, 
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. 2 A) and recent ori- 
gin (Fig. 4 D) together with high regional frequency 
(Fig. 2 B) 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 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
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o-evolutionary history between EBVs and humans.
hrough recombination analysis, we found that a
apidly expanding clonal strain in southern China
riginated from a recombination event between EBV
trains from northern and southern China. The
lonal strain has almost doubled the risk for NPC
ompared to the previously identified high-risk EBV
ubtype and explains ∼66% of the NPC cases, rep-
esenting the highest risk factor for NPC identified
o far. Through molecular genetic analysis, we found
hat the clonal strain originated in southern China
round 40 0 0 years ago via a recombination event be-
ween northern and southern EBV strains. We esti-
ated that the clonal strain then increased rapidly

n frequency, driven by strong Darwinian evolution
ith a selective advantage as high as 4.2%. Taken to-
ether, we revealed an extraordinary journey EBV
as traveled with us where adaptation initiated first
y human migration and subsequently a recombina-
ion event in a tumor virus, led to a cancer epidemic
n southern China. 
Despite the general intuition that slowly evolving

athogens like herpesviruses are likely to co-evolve
ith humans [17 ,36 ], the co-evolutionary history
etween EBV and humans has never been discovered
efore. The strong latency program in B cells devel-
ped by EBV and a tendency of vertical transmis-
ion in humans [37 –39 ] might be important mech-
nistic factors driving this co-evolution relationship.
o our knowledge, EBV might be one of the best ex-
mples (the other examples being TB [40 ] and H.
ylori [41 ]) of co-evolution between humans and
athogens. The rise of the clonal strain in southern
hina also explains why NPC prevalence remains al-
ost unchanged among the southern Chinese popu-

ations, despite declines in exposure to known envi-
onmental factors like smoking and salted-fish con-
umption over the past three decades [6 ]. 
The common hypothesis for the origin of the

antonese cancer is that NPC was transmitted to
an Chinese from ancient Bai-Yue through admix-
ure between these two ethnic groups [18 ]. The ori-
in of the clonal strain brought together multiple
ieces of evidence from human evolution and pro-
ided a new perspective on the rise of NPC in south-
rn China. After the ancient Bai-Yue diverged from
ther Chinese populations 40 0 0 to 740 0 years ago
42 ], gene flow from northeast to southeast Asia sig-
ificantly increased starting ∼30 0 0 to 50 0 0 years
go [31 ]. During this time, the most likely origin of
he Cantonese cancer could be that a subgroup of
orthern Chinese carrying the N1 EBV lineage mi-
rated to southern China and admixed with a sub-
roup of Bai-Yue people carrying the S1 EBV lineage.
he population admixture allowed the N1 and S1
BV lineages to recombine and generate the clonal
Page 9 of 12
strain (C1) ∼40 0 0 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 wi l l 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 wi l l 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 sti l l 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 A ∗11 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 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
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f spontaneous replication in B cells [46 ]. These
erived traits may facilitate its transmission, poten-
ially irrespective of immunogenic differences be-
ween human populations. Last, it remains unknown
hy the clonal strain is thus far geographically con-
trained in southern China given the rate of migra-
ion among human populations. The short time span
nd biased gene flow (north-south migration) might
ontribute to the unique geographic range. In addi-
ion, we hypothesize that viral and human interac-
ions could also contribute to the high fitness of the
lonal strain in southern Chinese. Sequencing addi-
ional human populations together with their EBV
enomes might be able to unravel a more detailed
istory of co-evolution between EBVs and humans
n East Asia, opening further avenues for controlling
nd eradicating NPC in southern China. 

ATERIALS AND METHODS 

or detailed materials and methods, please see the
upplementary information. 

hole-genome sequencing of EBV 

enomes from China 

 total of 118 tissue samples including saliva
nd tumor specimens were collected from China
 Table S1) and sequenced using next-generation
equencing. Data preprocessing and variant iden-
ification were performed. Consensus genome
equences were obtained for each sample using a
ustom python script. 

ublic data curation and multiple 

equence alignment 
e retrieved 1360 public EBV genomes from

he NCBI nucleotide database (up to July, 2022)
 Table S2). After multiple sequences alignment
nd quality control for merged public and private
atasets, 1334 EBV genome sequences were retained
or further analysis ( Fig. S2). Single nucleotide vari-
tions (SNVs) for the aligned data were extracted by
ustom python script. 

rincipal component analysis and 

opulation structure analysis 
rincipal component analysis (PCA) and PC load-
ngs were calculated using smartpca from EIGEN-
OFT. Population structure analysis was performed
sing Admixture. 
Page 10 of 12
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. RDP5 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. 2 C). The logistic regression model was 
exclusively applied to NC-HRS and the clonal strain 
(Test 2 in Fig. 2 C) to estimate the NPC risk associ-
ated with clonal strain compared to NC-HRS sub- 
type. The age-standardized incidence rate (ASR, per 
10 0 0 0 0) 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 (SFS) 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. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae438#supplementary-data
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ontribution of different EBV subtypes to 

he NPC risk 

he contribution of EBV strains to the NPC risk was
valuated by population attributable fraction (PAF)
nd NPC prevalence in response to the estimated fre-
uency trajectory of the clonal strain over time. 
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he raw sequence data of EBV genomes reported in this paper
ave been deposited in the Genome Sequence Archive [47 ] in
ational Genomics Data Center [48 ], China National Center for
ioinformation/Beijing Institute of Genomics, Chinese Academy
f Sciences (GSA: CRA015697) that are publicly accessible at
ttps://ngdc.cncb.ac.cn/gsa. 
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