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ABSTRACT Viral gene sequences from an enlarged set of about 200 Epstein-Barr vi-
rus (EBV) strains, including many primary isolates, have been used to investigate
variation in key viral genetic regions, particularly LMP1, Zp, gp350, EBNA1, and the
BART microRNA (miRNA) cluster 2. Determination of type 1 and type 2 EBV in saliva
samples from people from a wide range of geographic and ethnic backgrounds
demonstrates a small percentage of healthy white Caucasian British people carrying
predominantly type 2 EBV. Linkage of Zp and gp350 variants to type 2 EBV is likely
to be due to their genes being adjacent to the EBNA3 locus, which is one of the
major determinants of the type 1/type 2 distinction. A novel classification of EBNA1
DNA binding domains, named QCIGP, results from phylogeny analysis of their pro-
tein sequences but is not linked to the type 1/type 2 classification. The BART cluster
2 miRNA region is classified into three major variants through single-nucleotide
polymorphisms (SNPs) in the primary miRNA outside the mature miRNA sequences.
These SNPs can result in altered levels of expression of some miRNAs from the BART
variant frequently present in Chinese and Indonesian nasopharyngeal carcinoma
(NPC) samples. The EBV genetic variants identified here provide a basis for future,
more directed analysis of association of specific EBV variations with EBV biology and
EBV-associated diseases.

IMPORTANCE Incidence of diseases associated with EBV varies greatly in different
parts of the world. Thus, relationships between EBV genome sequence variation and
health, disease, geography, and ethnicity of the host may be important for under-
standing the role of EBV in diseases and for development of an effective EBV vac-
cine. This paper provides the most comprehensive analysis so far of variation in spe-
cific EBV genes relevant to these diseases and proposed EBV vaccines. By focusing
on variation in LMP1, Zp, gp350, EBNA1, and the BART miRNA cluster 2, new rela-
tionships with the known type 1/type 2 strains are demonstrated, and a novel classi-
fication of EBNA1 and the BART miRNAs is proposed.
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Most people in the world are infected by Epstein-Barr virus (EBV) and carry the virus
for the rest of their life. EBV infections are usually asymptomatic, but some people

develop EBV-associated diseases. Infectious mononucleosis, posttransplant B cell lym-
phomas, Hodgkin’s lymphoma, diffuse large B cell lymphoma, Burkitt’s lymphoma (BL),
NK-T lymphoma, nasopharyngeal carcinoma (NPC), and gastric carcinoma are diseases
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associated with EBV (1). Some of those diseases have unusual geographic distribution;
in particular, NPC has a high incidence in parts of southern China and in indigenous
populations in Malaysia and Indonesia. Thus, relationships between EBV genome
sequence variation and health, disease, geography, and ethnicity of the host may be
important for understanding the role of EBV in diseases and for development of an
effective EBV vaccine.

Recent advances in EBV genome sequencing have resulted in about 130 published
EBV genome sequences, the majority of which come from our previous analysis of 84
EBV genomes (2). In that paper, principal-component analysis (PCA) of the unique
sequences of the EBV genome showed that the first component of variation is the type
1/type 2 classification, which is determined mainly by EBNA2 and EBNA3. The second
component of variation in that data set distinguished Asian strains, particularly those
from China and Japan, from the rest of the world.

Type 2 EBV is known to be relatively more frequent in people in sub-Saharan Africa
and New Guinea than other parts of the world (3). Several studies have reported type
2 EBV infection in European or U.S. populations but studied either HIV-infected people
(4) or healthy subjects and did not define the ethnicity of the EBV-infected people (5).
The best-known type 1/type 2 phenotypic difference is the much greater efficiency of
B cell immortalization to lymphoblastoid cell lines (LCLs) by type 1 EBV compared to
that of type 2 EBV (6). This has been mapped to the EBNA2 locus (7), and amino acid
residues that mediate the superior LCL growth maintenance by type 1 EBNA2 have
been identified (8). Recent demonstration of T cell infection by type 2 EBV both in cell
culture (9) and in vivo in Kenyan children (10) has challenged our understanding of the
biological significance of type 1 and type 2 EBV and demonstrates the need for more
direct studies of this and other aspects of EBV genome variation.

In this paper, we use sections of additional EBV genome sequence that we have
determined and our previously published sequence data (2) to focus on variation in
specific parts of the EBV genome. This analysis of EBV gene sequences from about 200
EBV strains addresses specific biological questions about EBV genome variation.

RESULTS
Healthy white Caucasian British people with type 2 EBV. We collected saliva

from 254 volunteers who also completed a questionnaire giving information on their
clinical history, where they were born and had lived, their ethnic type, and that of their
parents (see Table S1 in the supplemental material). DNA was extracted and tested for
EBV using PCR; a wide range of viral DNA loads was detected. Fifty-three of the 254
people (20.9%) were found to have 10 EBV genome DNA copies per microliter of saliva
or higher by qPCR for EBV using primers in the conserved BALF5 viral DNA polymerase
gene (Fig. 1A). Eleven of the 254 participants (4.3%) had a history of infectious
mononucleosis (IM), but none reported current IM. A similar fraction (5.6%) of the 53
people who shed more than 10 EBV genome DNA copies per �l saliva had a history of
IM. These values were not statistically different (P � 0.67 in an unpaired t test), so there
was no indication that a history of IM is linked to subsequent higher viral shedding in
the saliva.

qPCR specific for type 1 or type 2 EBNA2 was then undertaken on the 53 samples
that had more than 10 EBV genome DNA copies per �l saliva in the BALF5 test. The
results are shown in Fig. 1B. Most of the samples had type 1 EBV, but a significant
number of samples had both type 1 and type 2; in a few samples type 2 was
predominant. Sample 8 contained 98% type 2 and sample 81 was 99.5% type 2 EBV
(Table 1). Donors 8 and 81 (who had no history of IM or any other EBV-related disease)
had almost completely type 2 EBNA2, and these people were both white British females
with white parents, one from London and the other from Sunderland in the north of
England. Sequencing of the type 2-specific PCR products from saliva samples 8, 81, and
160 (and also from 9011, a Taiwanese type 2 saliva EBV; Table S2) showed that these
non-African type 2 EBNA2 and EBNA3B sequences were closely related to the reference
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type 2 AG876 sequence (Fig. S1). We therefore conclude that a small percentage of
healthy white British people carry type 2 EBV as their main EBV infection.

LMP1 classification and EBV type 1 and type 2. Previous genome sequence
analysis of EBV (2) indicated that type 1/type 2 is the largest form of natural variation
of the EBV genome and was the first component of variation in PCA. The PCA program
showed that this variation is mainly determined by EBNA2 and the EBNA3 genes, with
a small contribution from LMP1. LMP1 variation has previously been described using a
classification based on certain key amino acids (11), and we confirmed this as a simple
technique for describing LMP1 variants (2) but did not have sufficient data to explore
linkage to type 1/type 2. Using an increased set of 190 LMP1 protein sequences (listed

FIG 1 qPCR for BALF5 (A) or EBNA2 (B) type 1 or type 2, corrected for cross talk as described in Materials and Methods. The results are
shown for 53 of the 254 saliva samples (see Table S1) that gave more than 10 EBV copies per �l of saliva.
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in Fig. S2; details of sources of the sequences are in Table S2), we have now made an
enlarged comparison of the classification according to Edwards et al. (11) with the
phylogeny of the protein sequences (Fig. 2). There are some intermediate sequences
(shown as twin colors in the LMP1 classification), but in general the Edwards et al. LMP1
classification (11) is a reasonable description of the phylogenetic tree, as indicated by
the solid blocks of color in the LMP1 column in Fig. 2. However, the geographic origins
of the LMP1 alleles are much broader than the names of the LMP1 classification imply
(Fig. 2). The EBNA2 type 1/type 2 status of the EBV strains from which the LMP1 protein
sequences are derived is also shown in Fig. 2. The B95-8 LMP1 group had the highest
association with type 2, and North Carolina had the lowest. These results were signif-
icantly different (P value of less than 0.02), but the differences in type 2 association
between the other groups were not statistically significant.

Linkage of type1/type 2 classification to haplotypes in Zp promoter and gp350
variation due to their locations in the EBV genome. Recent studies have identified
functionally significant variation in Zp (12) and in the N-terminal part of the gp350
glycoprotein that is required for infection (R. Rochford and N. Smith, personal commu-
nication). These forms of EBV genetic variation are partly linked to type 2 EBV, even
though those genes were not identified as contributing to type 2 in our principal-
component analysis (2).

The results of Bristol et al. (12) showed that the V3 variant of Zp (13) had a greater
induction of BZLF1 RNA than the V1 form in a cell-based assay. Comparison of 196 EBV
genomes from our enlarged set of EBV genome sequences in the part of Zp containing
the three nucleotides that define V3 showed that they sort into two haplotypes (the
genome top-strand single-nucleotide polymorphisms [SNPs] are always CCC or ATT)
(summarized in Fig. 3A; detailed sequences are shown in Fig. S3). All 23 of the type 2
EBVs had the V3 form at Zp. We suggest that the V3 form of Zp derives originally from
type 2 EBV, and the distribution of V1 and V3 that is observed reflects the extensive
historic recombination of EBV strains and the proximity of the BZLF1 gene to the EBNA3
locus (Fig. 3B), which contains the most variant genes between type 1 and type 2 EBV.

Although the V3 Zp haplotype can respond more strongly to induction of the EBV
lytic cycle in cell culture (12), there was no correlation with EBV shedding by the Zp
haplotype in the saliva donors described in Fig. 1. Among 26 high shedders in the 254
saliva donors (Table S1) where Zp was sequenced, the V1 average from 16 saliva
samples was 5.7 copies per �l saliva, but the V3 average from 10 saliva samples was 1.9
copies per �l saliva. These values were not significantly different in an unpaired t test
(P � 0.2). Thus, the V3 haplotype does not appear to favor high EBV virus load in the
saliva in this set of samples.

Studies of gp350 (BLLF1) variation in published sequences led R. Rochford and N
Smith (personal communication) to identify amino acid variation in the N-terminal part
of gp350, which was also linked to some extent to type 2 EBV. We have confirmed the
linkage of variant amino acids to type 1/type 2 in a larger set of 225 sequences of the
N-terminal 120 amino acids of gp350, which contain the residues required for binding
to CD21 (Fig. S4). The type 2 EBV strains correspond to a distinct branch of the gp350
phylogenetic tree (Fig. S4). As for the Zp results shown above, the linkage of the gp350

TABLE 1 Details of 7 saliva donors with type 2 EBV

Sample
EBV
type City of birth Ethnicity Gendera

Age
(yr)

Parent
ethnicity

8 T2 London, England White F 20 White
81 T2 Sunderland, England White F 21 White
148 T1, T2 Croydon, England Asian F 21 Asian
160 T2 Trivandrum, India Indian M 20 Indian
177 T1, T2 Derby, England Indian F 20 Indian
189 T1, T2 Rajkot, India Indian M 20 Indian
211 T1, T2 Hong Kong, China Chinese F 21 Chinese
aF, female; M, male.

Correia et al. Journal of Virology

August 2017 Volume 91 Issue 15 e00375-17 jvi.asm.org 4

http://jvi.asm.org


FIG 2 Summary of LMP1 protein sequence phylogenetic tree correlated with LMP1 classification (11), geographic
origin (Geo), and type 2 EBV (T2). The percentage of each LMP1 category with type 2 EBV was calculated (samples
with mixed classifications were counted as 0.5 for each type). Data including LMP1 protein sequences in a form that
can be enlarged to read sample names are shown in Fig. S2. The significant difference in the percentage of type
2 sequences (P value of less than 0.02 by one-way analysis of variance) is marked with an asterisk.
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phylogroup to type 2 EBNA3s most likely reflects linkage at the time of the type 1/type
2 divergence and maintenance due to proximity in the genome (Fig. 3B).

The gp350 (amino acids 1 to 120) phylogenetic tree (Fig. S4) shows a large clade of
171 (76% of total) very closely related sequences spanning from Raji to EBVaGC4 which
encompass the full range of geographical origins identified and include the reference
NC_007605 sequence. However, 24% of the sequences fall into other clades, particu-
larly the type 2 EBV clade and separate clades containing sequences from Indonesia
and Papua New Guinea (Fig. S4). It will be important to consider this variation in the
part of gp350 to which neutralizing antibodies bind in the design of a universal EBV
vaccine.

EBNA1 DNA binding domain variants. Protein sequences of EBNA1 were previ-
ously classified as P (prototype) or V (variant), each with two subtypes, determined by
their amino acid sequence at codon 487 (NC_007605 numbering), giving P-ala, P-thr,
V-pro, and V-leu (14). The amino acids used for this classification are located in the DNA
binding domain of EBNA1, and it was proposed that some of these EBNA1 subtypes are
more likely to lead to oncogenesis, since P-thr and V-leu were found more frequently
in samples derived from Burkitt’s lymphoma (14).

To gain a broader understanding of sequence variation in the EBNA1 DNA binding
domain (B95-8 EBNA1 amino acids 445 to 614), we have analyzed its sequence variation
across the EBNA1 phylogeny by comparing 193 EBNA1 DNA binding domain protein
sequences from different parts of the world (Fig. 4A). An expanded version of Fig. 4A,
in which the strain names can be read and which also contains the relevant protein
sequences, is shown in Fig. S5. The earlier report (14) of EBNA1 variation described
codon 487 as A, T, P, or L, but only one example of 487P was reported in that work. It
seems that 487P is a very rare variant, because all of the 193 samples we analyzed had
A, T, V, or L at codon 487 (Fig. 4A).

The major stratification of these EBNA1 DNA binding domain sequences which can
be seen in the tree is marked by the vertical bar in the QCIGP column and is
characterized by Q476, C492, I563, G574, and P585 (numbering according to the
reference B95-8 NC_007605 EBNA1 protein sequence), in contrast to the sequences
P476, S492, M563, V574, and T585 present in B95-8 EBNA1. These amino acids are
marked in red in the protein sequences listed in Fig. S5. In the protein structure of the
B95-8 EBNA1 DNA binding domain on its DNA binding site (entry 1B3T in the RCSB

FIG 3 (A) Summary of Zp V1 and V3 haplotypes sorted by C/T at �141 for 196 EBV strains. Full data are
shown in Fig. S3. All of the strains with type 2 EBNA genes have the Zp V3 haplotype, but the type 1
strains may have either V1 or V3. (B) Section of EBV genome map showing close proximity of gp350,
EBNA3A, EBNA3B, EBNA3C, BZLF1, and Zp but a more distant location of EBNA1 from the EBNA3 locus.
The Zp V3 haplotype and gp350 variants are suggested to have originated in type 2 EBV, accounting for
the linkage that can be seen in current strains. The map shows the open reading frames (ORFs) of EBV
genes, shaded black for latent cycle genes EBNA1, EBNA3A, EBNA3B, and EBNA3C. Structures of mRNAs
(some of which are spliced) transcribed rightward (above the ORFs) and leftward (below the ORFs) are
also shown.
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FIG 4 (A) Phylogenetic tree for EBNA1 DNA binding domain (B95-8 EBNA1, amino acids 445 to 614) protein sequence correlated with geographic
origin (column Geo; color codes are the same as those in Fig. 2) and EBV type (type 2 strains are marked in the T2 column, and the remainder are
type 1). Cancer or normal origin of sample is marked in column Ca (red for cancer, green for normal [see details in Table S2]; spontaneous LCLs

(Continued on next page)
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Protein Data Bank), the amino acids P476, S492, M563, V574, and T585 (marked as
yellow dots in Fig. 4B) are not in contact with the bound DNA.

The type 2 EBV strains are indicated in Fig. 4A and Fig. S5. Although there is some
clustering of type 2 EBV in the EBNA1 protein tree, this may be mostly related to the
geographic origin of the strains. The EBNA1 protein sequences are also identified in Fig.
4A and Fig. S5 as being from cancer or normal cells (saliva or spontaneous LCLs).

The frequency of codon 487 and QCIGP variation differed according to the geo-
graphic regions from which the EBV samples were isolated (Fig. 4C). Notably, the
African samples were mostly QCIGP and thus 487L or T, whereas the Asian and
Indonesian samples were mostly 487V (Fig. 4C). 487T was prominent in the European
and Australian samples.

The codon 487A, T, V, and L variants corresponded well to sections of the phylo-
genetic tree (solid blocks of color in Fig. 4A). Interestingly, codon 487L and T variants
corresponded exactly to divisions of the QCIGP group (Fig. 4 and Fig. S5), but there did
not appear to be a specific relationship of the L or T variants to BL (14). Most African
EBV sequences (53/55, 96%; Fig. S5), and consequently most BL sequences in our study,
have L or T at codon 487. Of 26 African BL samples, 13 were 487L (50%) and 12 were
487T (46%). Thus, there does not appear to be a strong association of EBNA1 sequence
variation with BL or normal samples beyond the geographic bias within this data set.
Codon 487 is marked in Fig. 4B as a red dot on the green subunit (codon 487 on the
blue subunit, not visible, is on the back of the structure view shown). It is also not in
contact with the bound DNA but might cause changes in the protein structure or affect
interaction with other proteins.

SNPs in the BART cluster 2 region linked to NPC high-incidence area affect
BART miRNA expression. The second principal component (PC2) of our previous
analysis of 84 EBV genome sequences (2) separated the Asian EBV strains from the rest
of the world. Most of the Asian strains in that data set were from southern China. The
high incidence of some EBV-associated cancers in Asian populations, particularly NPC
in Cantonese people, suggest a geographic variant that is in some way more onco-
genic. The largest contributor to PC2 (2) was LMP1, and variation in LMP1 has been
discussed extensively in relation to NPC and tumorigenicity in animal model systems
(reviewed in reference 3). The high expression level of BART miRNAs in NPC and
demonstration that BART miRNAs can mediate the tumorigenicity of EBV in an animal
carcinoma model system (15) is also of interest, because part of PC2 was accounted for
by variation in the BART miRNA cluster 2 region (2), which is part of the long pri-miRNA
(primary miRNA) transcript from which BART miRNAs are processed. To understand
variation in this region of the EBV genome, phylogenetic tree analysis was performed
on that part of 195 EBV genomes (Fig. 5A). Accession numbers for the genome
sequences supporting this phylogenetic analysis are listed in Table S2. The sequences
clustered into 3 main groups and one clade included many Asian NPC genomes (strain
names in the phylogenetic tree can be read more easily in Fig. S6, and geographic
origins of all samples are listed in Table S2). The sequences of Raji, M-ABA, and M81
were characteristic of the three groups (Fig. 5 and Fig. S6). Comparing the EBV genome
sequences of Raji, M-ABA, and M81 in this region showed that only one of the SNPs was
in the sequence of a mature BART miRNA (miR BART19), but some of the SNPs are close
to miRNA genes, and any of the SNPs could affect the processing of miRNAs.

FIG 4 Legend (Continued)
from cancer patients are classified as normal in this analysis). The portion of the phylogenetic tree characterized by the QCIGP amino acids is
marked, as are the codon 487 amino acids (V, A, L, and T). Sequence data and an enlarged version of the phylogenetic tree in which sample names
can be read are shown in Fig. S5. (B) The positions of P476, S492, M563, V574, and T585 of B95-8 EBNA1, which are Q, C, I, G, and P, respectively,
in the QCIGP EBNA1 variant are marked as yellow circles on the three-dimensional structure of a dimer of the DNA binding region of B95-8 EBNA1
with its target DNA (entry 1B3T in the RCSB Protein Data Bank). The two subunits of EBNA1 are in green and blue, and the two strands of the DNA
are red and yellow. Codon 487 is marked as a red dot on the green subunit (codon 487 on the blue subunit, not visible, is on the back of the
structure view shown). (C) Distribution of codon 487 V, A, L, or T and QCIGP in major geographic groups of EBV samples shown in panel A, plotted
as a percentage of samples in the indicated geographic group.
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FIG 5 (A) BART cluster 2 phylogenetic tree of EBV DNA sequences with branches characterized by the Raji, M-ABA, and M81 strains
marked. An enlarged version of the complete phylogenetic tree and further details are shown in Fig. S6. (B) Schematic of the BART
miRNA cluster 1 and cluster 2 EBV genetic regions with relevant miRNA locations marked. The M-ABA EBV plasmid p3829 contains
the BART promoter and all of the BART miRNA region except for miR BART2. The SalI fragment containing BART7 to BART14, which

(Continued on next page)
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The BART expression plasmid (p3829) which was used previously to demonstrate
the role of BART miRNAs in tumorigenicity (15) contains the M-ABA BART sequence, so
we also substituted corresponding Raji or M81 sequences to make three plasmids with
BART miRNA cluster 2 regions representative of the three sections of the phylogenetic
tree (Fig. 5B). The three BART expression plasmids were transfected into AGS EBV-
negative gastric cancer cells, and stably transfected cell lines were selected using
hygromycin. The BART miRNA expression levels were determined by TaqMan reverse
transcription-PCR (RT-PCR), and the results are presented for some of the more abun-
dant miRNAs as miRNA expression level relative to the M-ABA value (Fig. 5C). The Raji
BART region generally gave values similar to those for M-ABA, but some of the M81
miRNAs had significantly different expression levels, for example, miR BART11-5p was
lower in M81 and miR BART12 was higher (Fig. 5C). Interestingly, miR BART3 is in cluster
1, which was not changed in the Raji and M81 plasmids (Fig. 5B), but its expression level
was affected by the SNPs in the M81 cluster 2 region.

DISCUSSION

The increasing number of EBV genome sequences available will make it possible to
understand more about the natural history of infection, transmission, and relationships
between EBV sequence variation and disease. It is noticeable in the phylogeny analyses
shown in Fig. 2 to 5 and Fig. S2 to S6 in the supplemental material that the saliva
sample EBV sequences we have analyzed are distributed throughout the phylogenetic
trees, indicating that the sequences determined from cell lines and clinical samples are
not systematically distinct from the virus found in primary isolates, thus helping to
validate the whole sequence data set. The predominant variation in EBV appears to be
the type 1/type 2 classification, which is primarily determined by EBNA2 and EBNA3
genes. We have shown in this paper that there is some linkage of LMP1 variation to
type1/type 2 (consistent with the published principal-component analysis [2]), but
geographic bias in type 2 samples in our data set leaves open the possibility that this
linkage of LMP1 also is a geographic factor.

Although type 2 EBV is known to have higher incidence in sub-Saharan Africa and
Papua New Guinea, previous reports showed the presence of type 2 EBV in western
populations at a low level (16), with a higher frequency of type 2 in immunocompro-
mised people (4, 17). However, those studies did not identify the ethnicity of the people
infected with type 2 EBV or fully quantify the coinfection with type 1. We have now
shown that coinfections are present (Fig. 1B). Selecting the samples with higher EBV
load (53/254, 20.8%), we found (Fig. 1B) that about half of these samples had evidence
of some degree of coinfection, and a small percentage of white Caucasian people carry
type 2 EBV almost exclusively. Because the donors in our study were anonymous, we
could not investigate them further. However, it would be interesting to study the cell
types infected by EBV in such people, bearing in mind the reported ability of type 2 EBV
to infect T lymphocytes (9). The current emphasis on the lesser ability of type 2 EBV to
transform B lymphocytes compared to type 1 EBV (6) may miss other important aspects
of the biology of type 2 EBV.

The extensive historical recombination between strains discussed in our previous
Bootscan analysis (2) is reflected in the linkage of gp350 and Zp variants to type 2 EBV,
which can be explained by the proximity of their genes to the EBNA3 locus. The EBNA2
and EBNA3 loci differ so greatly between type 1 and type 2 that they are very unlikely
to be able to recombine (18), thereby maintaining these haplotypes in the distinct EBV
lineages. A gradient of recombination would be expected in the adjacent genome

FIG 5 Legend (Continued)
was exchanged with Raji or M81 EBV DNA, is shown as a yellow rectangle. (C) BART miRNA expression levels in AGS cell lines
expressed as relative quantification (RQ) to the parental M-ABA p3829 plasmid. Results for Raji (green) or M81 (blue) modified p3829
plasmids are shown for BART miRNAs 3, 21-3p, 18-5p, 8, 9, 22, 10, 11-5p, 12, and 13, in the same order as their location in the EBV
genome. Data are from RNA from 8 M81, 4 M-ABA, and 2 Raji transfections, each assayed in duplicate, and the means and standard
errors are shown relative to the M-ABA value. Values that differed from the M-ABA level with a P value of less than 0.002 in a multiple
t test are marked with an asterisk.
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sequences, and we suggest that this is what is being observed in the gp350 and Zp
variants because they are so close to the EBNA3 locus. The very close association of the
gp350 and Zp variation with type 2 EBV contrasts with the variation in EBNA1 and LMP1
discussed in this paper; EBNA1 and LMP1 genes are distant in the EBV genome from the
EBNA2 and EBNA3 genes, and there was much less association of EBNA1 and LMP1
variation with type 1/type 2. Our previous PCA (2) appeared to restrict the EBNA3
region type 1/2 contribution rather precisely to the EBNA3 genes, with little signal in
the adjacent genes. This probably reflects the 1,000-nucleotide window size used in the
PCA and very large sequence differences in the EBNA3 gene relative to adjacent genes;
it indicates that the PCA is not sufficiently sensitive to detect small differences which
are nevertheless biologically significant. It also should be noted that current imple-
mentations of the PCA technique only consider SNPs in nucleotides which are present
in all sequences being compared; insertions and deletions are routinely excluded from
the analysis, so this method may overlook some important forms of variation.

The DNA binding domain of EBNA1 appears to vary in two major forms, which are
defined by five amino acids being either PSMVT in the reference strain NC_007605 or
QCIGP. The previously described variants (14) reflect this to some degree, as the codon
487L and 487T isolates were exclusively in the QCIGP group (Fig. 4A). Although the
QCIGP residues and codon 487 are not thought to contact the DNA directly when
bound to the oriP EBNA1 binding site, they might affect the overall structure of the
domain and the association of other important factors with EBNA1, for example, in the
OriP ORC complex or EBNA1 antibody interactions (19). A recent comparison of
properties of EBNA1 from M81 EBV (PSMVT, codon 487V) with the reference B95-8
EBNA1 (PSMVT, codon 487A) (20) showed effects on the binding of survivin and a
reduced capacity to stimulate DNA replication. Although specific EBNA1 sequence
differences have been proposed to contribute to the carcinoma risk of the M81 EBV
strain (20), inspection of Fig. S5 shows that none of the amino acid changes discussed
(20) is unique to cancer strains. It will be interesting to test effects of the major QCIGP
variation on the functional properties of EBNA1 and its interaction with the codon 487
variation.

The different properties of EBV isolated from carcinomas, particularly M81 EBV from
an NPC patient, have been proposed to be consistent with EBV in this region being
more likely to cause NPC (20–22). Sequence differences between Asian and western
EBV strains have been known for some time (2, 23), and our previous principal-
component analysis (2) pointed to several regions of the EBV genome that distinguish
Asian EBV strains from other EBVs. Focusing on the EBV genome regions which differ
in the Asian strains and are strongly expressed in NPC led us to consider LMP1 and
BART miRNA cluster 2. LMP1 from NPC EBV has long been considered to be more
tumorigenic (24, 25), and here we also find that SNPs that distinguish the M81 BART
region cluster 2 can result in expression of different levels of some BART miRNAs.
Although the individual differences in expression are only about 1.5- to 2-fold, their
cumulative effect might be greater. The mechanism of the different level of miRNA
expression from the plasmid with the M81 sequence inserted might involve local SNP
effects on processing or complex interactions in the long BART pri-miRNA that could
alter the processing efficiency of the miRNAs. Since high levels of BART miRNA
expression can mediate the ability of EBV to promote carcinoma development in vivo
(15), EBV BART region sequence variation could be a factor in the high incidence of
EBV-associated carcinoma in southern China and Malaysia.

MATERIALS AND METHODS
Saliva samples for EBV PCR analysis. Saliva was collected from 254 undergraduate student

volunteers at Imperial College London by dribbling 5 ml into a 15-ml plastic centrifuge tube, and the
samples were then frozen until further use. The samples were collected anonymously, with ethical
approval (UK 13/NS/022), in May 2013, and there was a wide range of countries of origin and ethnic types
among the participants (see Table S1 in the supplemental material). Additional saliva samples (for
phylogeny analyses) were obtained from 12 patients at the National Institutes of Health who signed
consent for a protocol that was approved by the Internal Research Board of the National Institute of
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Allergy and Infectious Diseases. A further 9 saliva samples were from other sources; all of these are listed
in Table S2.

DNA extraction and PCR. Unless otherwise specified, DNA was isolated as described previously (2).
DNA (Table S2) from Indonesian NPC brushings and biopsy specimens (26), Indonesian NK-T lymphoma
biopsy specimens (27), Indonesian spontaneous LCLs (28), and Ugandan Burkitt’s lymphoma and control
samples (29) were purified using silica bead extraction (26).

For the Imperial College student saliva samples (IMS), DNA was extracted from a small sample of each
saliva sample using phenol-chloroform, and this was tested (data not shown) for EBV using PCR primers
in the BamHI W region (primers GCTAGGCCACCTTCTCAG and GTCCAGGGCCTTCACTTC in GoTaq Flexi
buffer, with 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s). A glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) PCR was also performed as a positive control in all of these samples, using
primers ATGCCATCACTGCCACCCAGand CCTGCTTCACCACCTTCTTG under the same conditions. A further
2 ml from 53 saliva samples with the highest EBV signals then was extracted with the Oragene OG-500
kit; that DNA was used for experiments shown in Fig. 1A and B and for DNA sequencing where required.
TaqMan quantitative PCR (qPCR) was performed for EBV BALF5 with primers CTTTGGCGCGGATCCTC and
AGTCCTTCTTGGCTAGTCTGTTGAC with CATCAAGAAGCTGCTGGCGGCC as the probe, normalizing copy
numbers to a Namalwa DNA control. Type-specific qPCR for EBNA2 used either a type 1 (TTGTGACAG
AGGTGACAAAA) or type 2 (TGGAAGAGTATGTCCTAAGG) forward primer with a common reverse primer
(AGGGATGCCTGGACACAAGA) and SYBR green detection under the following PCR conditions: 50°C for 2
min, followed by 95°C for 10 min and then 40 cycles of 95°C for 15 s and 60°C for 1 min. The run method
was ended with a melt curve, which was 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. EBV copy number
was normalized to plasmid controls containing type 1 or type 2 EBNA2, and specificity of the type-specific
EBNA2 PCR (cross talk) was determined by titrating small amounts of type 1 EBNA2 DNA into the type
2 PCR or vice versa. The cross talk in the assay was less than 0.2%, and the results shown in Fig. 1B have
been corrected for this by subtracting 0.2% of the type 1 value from each type 2 result and 0.2% of the
type 1 value from each type 2 result.

DNA sequencing and analysis. EBV DNA was enriched using the SureSelect method and sequenced as
described previously (2). A combination of published de novo sequence assemblies (2) and templated
sequence assembly for the new genomes was used to derive the sequences shown in this paper. The Wewak
EBV sequence, reported previously (2) as Wewak-1, is now considered to be from the Wewak-2 cell line since
it is a type 2 EBV. The annotation of the Wewak GenBank file with accession number LN827544 and relevant
ENA files are being revised in line with this. Phylogenetic trees of DNA or protein sequences were
constructed using the neighbor-joining method with either 1,000 bootstraps or the best tree option of
Macvector, version 15.1.4; details are given in the relevant supplemental figures (Fig. S2 to S6).

BART miRNA analysis. The plasmid p3829, which contains the M-ABA EBV BART region in a vector
(p220) containing oriP, EBNA1, and the hygromycin resistance gene, was kindly provided by Bill Sugden.
The M-ABA sequence in p3829 is 137581 to 152313 of the M-ABA EBV sequence, accession number
LN827527 (from an MluI to a BsaBI restriction site), and includes the BART promoter and all of the BART
miRNAs except for BART2. Modifications to p3829 were made by replacing a SalI fragment (146037 to
150336 in EBV reference sequence NC_007605 numbering, which includes miR BART7 to BART14) with
equivalent sequence from Raji or M81 EBV (all these strains have the homologous SalI sites in their
genome sequences). The DNA sequences of the plasmids throughout the BART region were reconfirmed
to ensure that the efficiency of the qPCR assays was not affected by alterations in the miRNA sequence.
Plasmids were transfected into AGS cells (an EBV-negative gastric cancer cell line) using 4 � 105 cells in
a 6-well plate with 1 �g of DNA (Qiagen EndoFree Plasmid MAXI) and 3 �l of GeneJuice (Novagen) in a
100-�l volume. Twenty-four hours later cells were split, and a further 24 h later they were selected with
0.2 mg/ml hygromycin B to obtain transfected cell lines. RNA was extracted with the mirVana miRNA
isolation kit (ThermoFisher), and cDNA was produced from 10 ng RNA using the TaqMan microRNA
reverse transcription kit (Applied Biosystems). The miRNA expression was determined by RT-qPCR using
the following TaqMan primers from ThermoFisher (catalogue numbers): ebv-miR-BART3* (004432_mat),
ebv-miR-bart21-3p (6186), ebv-miR-bart18-5p (8081), ebv-miR-bart8 (8211), ebv-miR-bart9 (7435), ebv-
miR-bart22 (6609), ebv-miR-BART10 (004421_mat), ebv-miR-bart11-5p (5755), ebv-miR-bart12 (5725),
ebv-miR-bart13 (5446), and U6 snRNA (001973). Levels of miRNAs were first normalized relative to U6
RNA in the same sample and then expressed as shown in Fig. 5C relative to the level in AGS cells
containing the M-ABA p3829.

Accession number(s). Accession numbers for novel sequences shown in Fig. S1 are MF093903 to
MF093906 for EBNA2 and MF093907 to MF093909 for EBNA3B. All other accession numbers for this paper
are listed in Table S2.
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