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Epstein-Barr virus (EBV)-encoded molecules have been detected in the tumor tissues of several cancers,
including nasopharyngeal carcinoma (NPC), suggesting that EBV plays an important role in tumorigenesis.
However, the nature of EBV with respect to genome width in vivo and whether EBV undergoes clonal expansion
in the tumor tissues are still poorly understood. In this study, next-generation sequencing (NGS) was used to
sequence DNA extracted directly from the tumor tissue of a patient with NPC. Apart from the human
sequences, a clinically isolated EBV genome 164.7 kb in size was successfully assembled and named GD2
(GenBank accession number HQ020558). Sequence and phylogenetic analyses showed that GD2 was closely
related to GD1, a previously assembled variant derived from a patient with NPC. GD2 contains the most
prevalent EBV variants reported in Cantonese patients with NPC, suggesting that it might be the prevalent
strain in this population. Furthermore, GD2 could be grouped into a single subtype according to common
classification criteria and contains only 6 heterozygous point mutations, suggesting the monoclonal expansion
of GD2 in NPC. This study represents the first genome-wide analysis of a clinical isolate of EBV directly
extracted from NPC tissue. Our study reveals that NGS allows the characterization of genome-wide variations
of EBV in clinical tumors and provides evidence of monoclonal expansion of EBV ir vivo. The pipeline could
also be applied to the study of other pathogen-related malignancies. With additional NGS studies of NPC, it

might be possible to uncover the potential causative EBV variant involved in NPC.

Epstein-Barr virus (EBV) is a ubiquitous gammaherpesvirus
that infects more than 90% of the worldwide human popula-
tion. Following the first discovery of EBV particles in cultured
lymphoma cells from patients with Burkitt’s lymphoma (BL)
(12, 13), EBV and its encoded molecules were also detected in
cases of nasopharyngeal carcinoma (NPC) (52) and several
other malignancies, such as non-Hodgkin lymphoma (NHL)
(51) and T-cell and Hodgkin lymphomas (22, 43, 44). Both the
presence of virus sequences in tumor cells and the virus’s
oncogenic potency (24, 46) strongly associate EBV with NPC.
However, the genome-wide nature of the EBV in NPC tissue
is still poorly understood.

EBV harbors different genetic variations in different geo-
graphic populations (4, 10, 18, 21, 40, 48-50). Likewise, the
prevalence characteristics of NPC show remarkable geograph-
ical and ethnic differences, with a high prevalence rate in
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southern China, especially in the Guangdong province (5).
Several EBV genes, including EBNA2, LMP1, and EBNAI,
have been implicated in the development of NPC (10, 17, 28,
34). Certain EBV subtypes such as China 1 and V-val, as
classified by the sequence variations of these genes, were found
more frequently in patients with NPC than in controls and thus
have been associated with NPC (26, 50). However, an NPC-
specific EBV subtype has not yet been identified, suggesting
that EBV subtypes cannot be classified simply according to
their genetic variations in a small fraction of genes.

Not only the presence but also the clonal expansion of EBV
in tumor tissues is necessary to associate EBV with tumorigen-
esis. Homogeneous repetitions of variable repeat sequences at
EBV termini were detected in each dysplasia or carcinoma of
the nasopharyngeal samples, suggesting that EBV-associated
NPC tumors are clonal expansions of a single EBV-infected
progenitor cell (31, 33). Similarly, some studies examined the
EBV termini and reported monoclonal expansion of EBV in
several kinds of lymphoma (14, 29). However, in contrast to
the pattern in tumor cells, multiple EBV strains were observed
in peripheral blood from patients with NPC and from asymp-
tomatic EBV carriers (11, 19, 39, 42), as determined based on
variations in LMP1 genes. These findings suggest that EBV
might infect the progenitor cell before cell proliferation and
then undergo monoclonal expansion in tumor cells, thereby
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contributing to pathogenesis. It would be more convincing to
test the hypothesis of monoclonal expansion by characterizing
whole-genome sequences of EBV in vivo.

Previous studies have reported whole-genome sequences of
EBV originating from infectious mononucleosis (IM), NPC,
and Burkitt’s lymphoma patients, including sequences from
strains B95-8, GD1, and AG876 (GenBank accession numbers
V01555.2, AY961628, and DQ279927, respectively). A chi-
mera of B95-8 and Raji sequences was also reported as a
sequence more representative of wild-type EBV (here named
EBV-WT; GenBank accession number AJ507799) (3, 9, 47).
The sequences were determined using conventional Sanger
sequencing technology, an indirect sequencing process with
several disadvantages. First, the technology is time- and cost-
intensive and requires a large amount of DNA. Second, to
meet the minimum requirement of DNA sample volume, EBV
must be enriched by culturing an EBV-transformed cell line in
vitro or by amplifying fragments based on subcloning or PCR
processes (3, 9, 47). The EBV-transformed lymphoblastoid
cells undergo monoclonal selection; thus, the resultant cell line
represents the progeny of only a single B lymphocyte (35).
Moreover, the PCR amplification process may introduce arbi-
trary mutations that can increase background noise and con-
found the low-frequency mutations that arise in vivo. There-
fore, use of the conventional strategies to characterize the
nature of EBV in clinical samples or in vivo was made difficult
by various factors, including the diversity of the natural EBV
repertoire.

Today, with the recent invention of massively parallel se-
quencing or next-generation sequencing (NGS) systems (2, 30,
38), including the Roche/454 FLX genome sequencer, the ABI
SOLID system, and the Illumina genome analyzer, it is possible
to determine genome-wide sequences and the viral clonality of
EBYV strains by direct sequencing of EBV genomes in clinical
tumors in a time- and cost-effective manner. We report here
the genome sequencing of the first clinical isolate of EBV
obtained from an NPC tumor by using NGS technology.

Using the Illumina genome analyzer sequencing platform,
we directly sequenced and assembled the EBV genomes from
an NPC tumor of a patient in Guangdong province, a region in
China where NPC is endemic. Genome-wide sequencing and
comparative analyses of this EBV assembly were performed to
reveal the in vivo nature and monoclonal expansion of EBV in
the clinical sample. This study established a pipeline for deter-
mining whole-genome sequences of EBV and other pathogens
in tumors; an accumulation of such studies would help identify
disease-specific mutations and viral strains at the genome level.

MATERIALS AND METHODS

Ethics statement. The study was approved by the institutional ethics commit-
tee of the Sun Yat-sen University Cancer Center (SYSUCC). For sample re-
cruitment, written consent was obtained from each participant.

Sample preparation and short-read DNA sequencing. The NPC tumor tissue
was taken from a 78-year-old male patient from Guangdong, China, who had
been histopathologically diagnosed with undifferentiated, nonkeratinizing NPC.
Subsequently, genomic DNA from the tissue sample was extracted using a
DNeasy blood and tissue kit (Qiagen). DNA (10 pg) was subjected to library
construction and then to short-read DNA sequencing using the Illumina genome
analyzer (Illumina), according to the manufacturer’s protocols. Briefly, 24 pair-
end (PE) libraries were prepared through procedures that included genomic
DNA fragmentation, end repair, adapter ligation, size selection, and PCR am-
plification. Each library had an insert size of approximately 200 bp, and sequenc-
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ing reads of 44 bp were obtained throughout. The raw data were filtered using a
Solexa data-processing pipeline with default parameters.

Homology search analysis. All sequencing reads were first aligned to the
University of California, Santa Cruz (UCSC), hgl8 (NCBI build 36) human
reference assembly using SOAPaligner (27), allowing no more than one mis-
match. After removing human sequences that could be aligned to hgl8, the
remaining reads were then aligned to the nonredundant NCBI nucleotide data-
base using SOAPaligner and allowing no more than three mismatches. If a read
perfectly matched multiple genomic sequences of different organisms, then the
read would be assigned randomly to one of the organisms.

Assembly of the EBV genome. First, using the whole-genome short reads, a de
novo assembly of EBV genome sequences was carried out as follows. All se-
quencing reads were aligned to human (hgl8) sequences and EBV sequences
(EBV-WT; GenBank accession number AJ507799) by the use of SOAPaligner
(27), and the sequencing depths of the human and EBV genomes were estimated
based on those respective alignments. After human sequences were removed, the
remaining reads were assembled using SOAPdenovo (8). SOAPdenovo merged
the overlapping reads based on the de Bruijn graph algorithm and generated the
contigs. The PE information was then used to link contigs into scaffolds; subse-
quently, assembled scaffolds over 100 bp in length were mapped to known EBV
genomes (GenBank accession numbers AJ507799, AY961628, and DQ279927)
using BLASTZ (37). Sequences with BLAST scores above 200 were collected to
assemble the EBV strain. EBV sequences were assembled using EBV-WT as the
reference and filling the gaps with “N,” examples of which were mostly located
in repeat regions and thus made the sequences difficult to assemble.

Second, a consensus sequence (CNS) was generated by using BWA (Burrows-
Wheeler Aligner) software (8) with the default settings for mapping the short
reads. The CNS result was used to fill the gaps in the scaffold genome so as to
construct a better EBV assembly.

Finally, the gaps were further filled by using PCR amplifications and subse-
quent Sanger sequencing of the clinical EBV fragments. The volume used for the
first round of nested PCR was 50 pl, which included 1 ul of genomic DNA (100
ng), 1 ul of 10 wM primer pairs, 25 ul of Premix Prime HS (DR040A), and the
appropriate quantity of water to achieve the final volume, whereas in the second
round, 0.5 wl of product from the first round was used as the template. The
amplification profile was 35 cycles of denaturing at 95°C, annealing at 50°C, and
extension at 72°C. The sequences of PCR products were determined by using an
ABI Prism BigDye Terminator cycle sequencing kit and an ABI Prism 377 DNA
sequencer. The major internal repeat regions in the newly assembled genome
were masked for the further analysis.

Identification of SNVs. Using EBV-WT as a reference, the GD1 and GD2
single-nucleotide variations (SNVs) were identified using the cross_match pro-
gram (version 1.080812; http://www.phrap.org/phredphrapconsed.html) (15) and
applying the following criteria: (i) the minimal length of extract matching (min-
match score) was 10, while the minimal score of alignment (minscore) was 20,
and (ii) the distance separating adjacent SN'Vs had to be at least 5 bp. The SNVs
of GD2 were furthered inspected by using BWA software with the default
settings (8). Finally, we filtered out the low-confidence SNV sites as indicated by
low (<3) coverage in BWA results as well as those that could not be validated by
regional sequencing during the gap-filling process mentioned earlier.

Detection of indels. Insertions and deletions (indels) were detected using
whole-genome alignment. Using EBV-WT as a reference, the indels were iden-
tified using the cross_match program (15) with the following criteria: (i) the
minmatch score was 10 and the minscore was 20, (ii) there could be no gap in the
flanking regions (50 bp) of a candidate indel, and (iii) the interval between two
indels was at least 2 bp.

Sequence validation. To validate the accuracy of the EBV assembly based on
the NGS reads, three EBV gene fragments (i.e., LMP1, RPMSI, and EBNAI)
were amplified using nested PCR and sequenced using conventional Sanger
sequencing. The primer pairs for each gene fragment are listed in Table S1 in the
supplemental material. The amplification profile of each fragment was as follows.
In the first round, 1 pl of each genomic DNA (50 pl in total) served as the
template, and PCR was performed using a 20-pl reaction mixture containing 0.2
pl of a 20 uM primer pair, 0.4 mM (each) deoxynucleoside triphosphates
(dNTPs), and 1.5 U of Taq polymerase. In the second round, 1 ul of the mixture
from the first round of PCR was used as the template. Conditions were the same
as described for the first round. The sequences of PCR products were deter-
mined using an ABI Prism BigDye Terminator cycle sequencing kit and an ABI
Prism 377 DNA sequencer.

Comparative and phylogenetic analyses. The four EBV genomes (i.e., EBV-
WT, AG876, GD1, and GD2) were aligned using cross_match software. The
comparability of the four genomes was determined by counting the proportions
of well-mapped bases in sliding 500-bp windows, ignoring the gaps in each
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FIG. 1. Detection of potential bacteria and viruses by comprehensive de novo sequencing. (A) Pipeline for detecting bacteria and viruses by
using data generated from a comprehensive sequencing of the tumor tissue sample. (B and C) Percentages of the reads that fall into different
categories indicated by colors. The pie charts were generated based on the results of a homology search for all of the short reads (B) and both
viral and bacterial sequences (C). Read numbers and percentages are shown in parentheses.

genome at the alignment. A blank area was assigned wherever the window
consisted entirely of gaps. Phylogenetic analyses of EBNAI, BZLFI1, and
LMP1 were conducted using the neighbor-joining (NJ) algorithm imple-
mented in Molecular Evolutionary Genetics Analysis (MEGA) software (ver-
sion 4.0) (41).

Nucleotide seq e ac . The GD2 genome was submitted to

GenBank under accession number HQ020558.

h

RESULTS

Summary of the sequencing data. Initially, a total of
473,409,724 reads (20.8 Gb) were collected from the sample.
The short reads that passed quality control filtering were
aligned to the human reference genome and then searched
using the nucleotide database to determine sequence identities
(Fig. 1A). Of these reads, the contributions of human, bacte-
rial, and viral origins were 93.96% (444,799,409 reads), 0.06%
(284,280 reads), and 0.027% (128,575 reads), respectively (Fig.
1B). The coverage of the diploid human genome was 6.8-fold.
Of the viral reads, the EBV sequences (0.0142% of total reads)
comprised the largest proportion (53%), whereas the propor-
tions of other viruses ranged from 2% to 16% (Fig. 1C).

Assembly of EBV genome. The human sequences were first
removed to reduce the complexity of the assembly, and the

aligned sequences covered 97% (128,193 bp [depth = 1]) of
the coding regions of the EBV-WT genome and 77.19% of the
entire reference genome. Each gene-coding region had suffi-
cient coverage (>97%; Table 1), though BHLF1, LF3, and
BKRF1 exhibited low coverage at 38.83%, 17.33%, and
89.25%, respectively (Table 2). Finally, using EBV-WT as a
reference genome, all of the uniquely mapped EBV sequences
were assembled into a consensus sequence of 139,600 bp
(138,451 bp without “N”). Some regions failed to be assembled
due to the presence of highly repetitive sequences, such as a
region flanking 13 kb to 42 kb (Fig. 2A). The gaps were further
filled up by using the consensus sequence from BWA and the
sequence information derived from PCR followed by Sanger
sequencing. These procedures resulted in a complete EBV
genome 164,701 bp in size (with 83 “N”) (see Table S2 in the
supplemental material). The newly assembled genome was
named GD2. In contrast, the GD1 genome was determined
using EBV derived from a patient with NPC in Guangdong
and enrichment by in vitro cultures (47). For validation, three

TABLE 1. Summary of data production

. Effective
remaining reads were assembled into scaffolds. Using Parameter x;pgfs) Argtg:‘(“%‘t sequencing
BLASTZ, sequences were aligned to the three reported EBV depth
reference genomes (i.e., EBV-WT, GDI1, and AG8867) and Total raw data 20,830,027,856
thus were considered to represent EBV sequences, which are EBV total mapped data 2,937,704  0.0141 17
2,937 kb in total length (Table 1). The aligned sequences cov-  Length of EBV coding regions 132,155
ered 92.98% of the EBV-WT genome, with at least one gzgﬁzgggi gzgg’l i ; 32;23 gggg

uniquely aligned read and an average of 17-fold coverage. The
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TABLE 2. Genes of GD2 with less than 100% coverage EBYV fragments (i.e., EBNA1, LMP1, and RPMS1) were am-

Gene (protein identification no.) Coverage (%) plified from the tumor sample, and the sequences determined
DR ok Y —— 0.173333 b3f' C}? nvemloﬁf‘l STa;’ger sequencing V}Zere Zorﬁparid with those
BHLEL (CADS3473.1) cocvooerreeersserssesssesssesssssssesseees 0.388301 of the assembly. The comparisons showed that the sequences
BKRF1 (CADS3427.1) coovvooeeeeeeeeeeissseeessieseseessssissessessssnnnns 0.892523 of each fragment determined by these two platforms were

LMP1 (CAD53472.1)...... ..0.971576 identical, suggesting that the confidence level for the assembly
EBNA3C (CAD53421.1) .0.978852 Its i hich

BPLEL (CADS3402.1) .roooosoessoesesooesesseeseseses 0.989524 ressu S 18 very llg < Multiof i
BLLF1 (CADS3417.1)ccorecceeeeceeesccessecee e 0.991189 equence analyses. Multiple sequence alignments were car-

EBNA3B (CAD53420.1) .0.991835 ried out for the genome sequence of the newly assembled GD2

BYRF1 (CAD53395.1).... ...0.996585 and those of the other three EBV subtypes, including EBV-
BRRE2 (CAD53426.1).covvveeeceeeeeeeeeseceeeeesseseeeeseesesseeee 0.99938
A Assembly of GD2
GD2
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LEptincistibution 42.45WWMMMMMﬁWWMWﬂ
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FIG. 2. Overview of GD2 and comparison of the GD2 genome to other EBV genomes. (A) Depth distribution and alignment of GD2. The good
coverage of the EBV genome is indicated by the alignment to the EBV-WT genome (AJ507799). Depth distribution was calculated by using the
numbers of reads that were mapped to the EBV-WT genome. The bars at the bottom indicate the repeat regions in EBV-WT, with arrow-filled
boxes representing the major internal repeat units. (B) Genomic comparison of the four EBV strains. Comparability was determined by aligning
sequences using cross_match; a 500-bp nonoverlapping window was selected. Gaps were defined as regions in which the window does not include
the sequences from the sample. (C) Genome-wide distribution of GD2 SNVs. The positions were taken from EBV-WT (AJ507799). SNVs were
identified by cross_match and BWA analysis, and then 500-bp nonoverlapping windows were selected.
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TABLE 3. Polymorphisms in three genes in four EBV strains® GD1
Gene Amino acid EBV-WT AG876 GD1 GD2 GD2
EBNA-1 471 Q E Q Q EBNAI ~{ AG8T6
476 P Q P P ———
480 N N N N VY
487 A L A\ A% —
499 D E E E 0.005
500 E D E E
502 T N N N r GhI
524 T 1 1 1 GD2
525 A G A A
528 I I A A BZLF1 — AG876
EBV-WT
LMP1 229 S T S S
306 IL L IL L —
312 D D D D 0.002
322 Q N N N
334 Q R R R GD1
338 L S S S GD2
343-352 £ del del del
LMP1 AG876
BZLFI 68 T A A A -
76 S P P P
105 Q Q L L 0lots
gg g g { { FIG. 3. Phylogenetic trees of the EBNA1, BZLF1, and LMPI
138 G G E E sequences. Phylogenetic analyses were conducted using MEGA
146 v A A A software (version 4) on the basis of multiple alignments of GD1,
152 v A A A GD2, AG876, and EBV-WT, the use of rhesus lymphocryptovirus as
163 L L L the outgroup, and the neighbor-joining algorithm. The divergence
Q scale (showing numbers of substitutions per site) is indicated at the
176 E D E E foot of each tree.
195 Q H H H
205 A S S S

“ The shaded amino acids are identical to those of GD2.
> _ no deletion.

WT, AG876, and GDI1. The results showed that the sequence
similarities between GD2 and the other three EBV subtypes
were 98.76% (GD1), 98.73% (EBV-WT), and 97.38%
(AG876). Moreover, GD2 was similar to GD1 and EBV-WT,
but considerably different from AGS876, with respect to the
hypervariable flanking regions of approximately 80 kb to 90 kb
(EBNA3s) (Fig. 2B).

Amino acid sequence variations in EBNAI, LMP1, and
BZLF1 were identified in the commonly reported polymorphic
sites of the four EBV genomes, while the corresponding GD1
and GD?2 sites were identical (Table 3). Moreover, phyloge-
netic trees for each of the three proteins were constructed
using the alignment and a rhesus lymphocryptovirus outgroup
(Fig. 3). The phylogenetic analyses showed a consistent clus-
tering of GD1 and GD2, which shared a common ancestor with
AG876.

Identification of SNV and indels. From a comparison with
the EBV-WT reference genome, a total of 927 SNVs with
genome-wide distribution were found in the GD2 genome
(Fig. 2C). Among them, 623 (67.21%) were located in the
coding regions, and 238 SNVs were nonsynonymous substitu-
tions (Table 4; also see Table S3 in the supplemental material).
Moreover, both transitions and transversions were observed
among the SNVs (Table 4), with a higher frequency of transi-
tions (63.21%) than transversions (36.79%). A total of 160
indels in GD2 were also found by aligning GD2 to the

EBV-WT reference genome (Table 4; also see Table S4 in the
supplemental material).

In contrast, GD1 contained 1124 SNVs and 55 indels com-
pared to the EBV-WT reference genome. GD1 and GD2
shared 505 common SNVs, including most SN'Vs in the coding
regions (348 [68.91%] SNVs) and 7 indels. The common SNVs
were clustered in some regions, e.g., near 90 kb and 168 kb,
which respectively encode the proteins BZLF1 and LMP1 (Fig.
4; also see Table S5 and S6 in the supplemental material).
Moreover, GD2 had the 16 SNVs (Table 5) that were reported
for both GD1 and the 54 NPC biopsy specimens from Can-
tonese patients (47). Furthermore, according to the variations
in the three genes commonly used for classification (i.e.,

TABLE 4. Identification of GD2 SNVs and indels by the use of
EBV-WT as the reference genome

Category® Value
Total N0. Of SNPS .....ccouiiiiiiiiiiccere e 927

No. of cOding IeZIONS......cceiiiiiiiiiiei e 623
No. of synonymous substitutions..... .

No. of nonsynonymous substitutions... ..238
NO. Of trANSItIONS c..ecveveeirieiicieiicereee s 586
NO. Of trANSVETSIONS ..cuvvueuieiereirieieieieeeereeee ettt seeeaenene 341
Total NO. Of INSETHIONS. c...vcveuireeieieirieieieieicertete ettt seeieaene 102
No. of cOdING IEZIONS.....cueuiuiuiiiieiiieeeeeee e 62
Total n0. of deletions........ccccueviieiiiriiieiriicieceeceecenee 58
No. of cOding IeZIONS......cceiiiiiiiiiiei e 41

“The SNPs were identified by cross_match and BWA, and the indels were
identified by cross_match. Most of the SNPs and indels were in the coding area,
which consisted of 60.49% of the entire genome.
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Both GD1 and GD2
Repeat regions
Positive strand ORFs
Negetive strand ORFs

FIG. 4. Genome-wide comparison of the GD1 and GD2 genomes. The figure was created using Circos (25). The outer circle shows the
positive-strand open reading frames (ORFs) (blue), repeat regions (black), and negative-strand ORFs (violet) in the reference EBV-WT genome.
The curves in the inner circles show the distributions of SNVs in GD2 (green) and GD1 (orange) and those that are common to GD1 and GD2
(red), using EBV-WT as the reference. The bars in the first and second inner circles show the deletions and insertions, respectively, corresponding
to GD2 (green) and GD1 (orange) and both GD1 and GD2 (red).

EBNA-2, LMP1, and EBNA-1) (10, 17, 34), GD2 can be dif-
ferentiated as including type 1, China 1, and V-val, respec-
tively, which have been found predominantly in Cantonese
patients (26, 50).

Monoclonal origin of EBV in an NPC tumor. The amino
acid sequences at the C termini of LMP1 and EBNA1 are
highly polymorphic across EBV subtypes; however, we found
that the sequences of these two regions in GD2 were homog-
enous (Table 3). This pattern was also confirmed with conven-
tional Sanger sequencing technology. This result indicates that

J. VIROL.

only a single virus subtype occurred in this tumor tissue. More-
over, genome-wide comparisons of the GD2 sequences re-
vealed that there are six heterozygous SNVs outside the two
regions described above, with four in the coding region and
three nonsynonymous changes; this indicates that there are
multiple GD2 variants in the NPC tumor. However, the vari-
ation among GD2 sequences was remarkably small (six SNVs
[0.0036%]) and was much smaller in the coding regions. In
contrast, the differences between GD2 and EBV-WT (927
SNVs), AG876 (1,103 SNVs), or even the closely related GD1
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TABLE 5. Previously reported GD1 mutation
sites detected in GD2

Nucleotide
in GD2

Nucleotide in
EBV-WT

Nucleotide
in GD1

Nucleotide position
in EBV-WT

97158
97166
97221
97232
97243
97258
97320
167850
167862
167897
167899
167937
168173
168229
168236

0

aHOA=E>0Q»>0=H0> Q0
>0 >00»0»0
aAOoA=>»0Q»P>QH0>Q

(808 SNVs) were at least 135 times higher. It is likely that the
polymorphisms represent mutations of GD2 that occurred dur-
ing virus proliferation. A similar rate of EBV mutation was
observed in nasal-type NK/T lymphoma, for which a monoclo-
nal origin was previously demonstrated (18).

DISCUSSION

The incidence of NPC displays remarkable geographic and
ethnic variations, with a high prevalence in southern China,
southeastern Asia, and northern Africa. The presence of EBV
in tumor cells and the association of EBV subtypes with NPC
incidence have implicated EBV in the development of NPC.
However, the genome-wide characteristics of EBV in clinical
tumors and the diversity of strains associated with NPC are
poorly understood.

The present study evaluated the capacity of a NGS platform
to directly sequence the EBV genomes within an NPC clinical
tumor and thus establish a pipeline for data analyses. The
present EBV consensus genome, GD2, is 164,701 bp long and
was assembled by using 0.0142% of total sequencing reads and
sequence information within gaps determined by the conven-
tional Sanger sequencing (Table 1). The short reads yielded
approximately 3-fold coverage of the diploid human genome
(20.8 Gb to 6 Gb) and 17-fold coverage of GD2 (Fig. 2A).
These numbers suggest that there are more than six copies of
EBYV in a single tumor cell, which is consistent with previous
observations that the undifferentiated NPC tumor commonly
harbors EBV genomes (6, 45). These results indicate that the
clinical EBV genomes in an NPC tumor can be determined
directly, without in vitro enrichment.

The present sequencing strategy retains the variations and
mutational repertoires of pathogens in the tumor, which could
be useful in resolving the causative pathogenic variants in-
volved in NPC. The finding of six heterozygous SNPs in the
GD2 genome indicates that there were more than two EBV
variants within that individual tumor. Previous findings con-
cerning EBV whole-genome sequences were based on conven-
tional tilling sequencing, which requires the use of in vitro cell
cultures to enrich the EBV DNA (3, 9, 47). Those studies
reported a single EBV genomic sequence originating from an
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individual tumor and did not result in observations of any
variation or mutation. Therefore, the enrichment process
might compromise the representativeness of the EBV reper-
toire; variation genotyping based on conventional sequencing
could not detect the small amount of variation or mutation that
existed within the tumor or had been introduced by adaptation
in vitro (1, 23). In addition, our study revealed that other
viruses and bacterium could also be detected, but whether
these pathogens are involved in the NPC awaits further inves-
tigation.

Direct sequencing of the clinical EBV isolate in the tumor
reflected the natural frequencies of the EBV repertoire and
thus enabled us to test the hypothesis of monoclonal expansion
of EBV in NPC tumors in a genome-wide context. Despite the
high coverage of GD2 sequences, only three nonsynonymous
variations and three other SNVs were identified within the
tumor. The variability of GD2 variants is remarkably small
(0.0036%). This amount is less than 1/100 (0.49%) of the
difference between GD2 and GD1, the most closely related
subtypes according to the phylogenetic analysis. The very small
variability of GD2 is likely introduced by mutations during
clonal proliferation, supporting a previous finding regarding
the monoclonality of the resident viral genomes in NPC tumors
(33). Similarly, Gutiérrez showed that the P-ala EBV subtype,
which is present in most nasal lymphomas, accumulated mul-
tiple mutations and thereby supported the in vivo generation of
multiple EBV subtypes (18). An increasing number of studies
have reported the presence of multiple EBV strains in both
peripheral blood and throat wash samples coincident with the
occurrence of only one strain in the corresponding NPC tumor,
thereby indicating clonal selection of EBV subtypes in the
tumor cells (7, 19, 31-33, 39, 42). Together with those study
results, our data support the idea of a monoclonal origin of
EBV in NPC from the perspective of a whole-genome view.
However, obtaining whole-genome sequence information for
more clinical EBV isolates, with good representation of the
EBV repertoire in tumors, could help to address that hypoth-
esis and uncover the pathogenic subtypes of EBV in NPC
tumorigenesis.

In this study, whole-genome sequencing of EBV enabled the
comparison and thus the determination of EBV variations at
the genome level. The assembled GD2 genome shared high
similarity (i.e., above 97%) with the three reported EBV ge-
nome sequences, those of EBV-WT, AG876, and GD1. More-
over, variations among the four EBV genomes were distrib-
uted similarly across the whole genome, though AG876 had a
clearly different distribution in the EBNA3 region (Fig. 2C).
This pattern suggests that the EBNA3 region, which has been
used for the classification of EBV subtypes, is polymorphic
(36). Furthermore, GD2 could be referred to as China 1 and
V-val, according to the results seen with two genes used for
classification (LMP1 and EBNA-1, respectively). These vari-
ants have been previously shown to be risk loci in Cantonese
patients with NPC (26, 50), suggesting that GD2 might be the
prevalent subtype in this population. In addition to those risk
variants, GD2 carries six other novel mutations. Further study
is necessary to uncover whether these novel mutations share
linkages with the previously determined risk variants and con-
tribute to NPC development.

Genome-wide comparisons of EBV variations could enable
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us to better locate NPC-related EBV variations. Comparison
of the four EBV genomes revealed overall high levels of sim-
ilarity and genome-wide distributions of variations (Fig. 2C),
suggesting that the classification of EBV subtypes by the use of
a small number of viral genes may not be adequate to identify
the disease-related subtype. Moreover, although GD2 could be
classified in terms of the NPC-associated subtypes China 1 and
V-val (26, 50), the GD2 sequence contained six variations,
further suggesting that a genome-wide view of EBV variations
is necessary to determine the NPC-specific EBV subtypes. Fur-
thermore, although EBV subtypes (i.e., type 1 EBNA-2, wild-
type EBNA-1, and LMP-1) are independently associated with
lymphoid malignancy, combinations of these subtypes have
rarely been associated with lymphoid malignancy (16). This
result also supports the idea that a genome-wide view of EBV
variation is important for testing the association between EBV
subtype and NPC. However, the high percentage of identical
EBV sequences reveals an opportunity to develop a DNA
capture system for EBV genomic sequences, such as targeted
sequence-capturing technologies for use in studies of humans
(8, 20). In this way, the sequencing reads of EBV could be
greatly enriched, and the cost of whole-genome sequencing
would be greatly reduced.

In summary, we have described a detailed pipeline for direct
sequencing and analysis of the genomic sequence of a clinical
EBV strain isolated from an NPC tumor, and we have reported
in vivo evidence of EBV monoclonal expansion in the NPC
tumor. Most importantly, we demonstrated the necessity for
direct whole-genome sequencing of tumor tissues to improve
understanding of the nature of the pathogen in vivo and the
pathogen’s causative role in tumorigenesis. In addition, the
present study on NPC could serve as a model for studies of
other diseases with infectious etiologies.
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