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This study was undertaken to develop a general strategy for the introduction of mutations into specific sites
in the Epstein-Barr virus (EBV) genome. Previous approaches were limited by the need for physical linkage of
the transfected EBV DNA fragment to a positive selection marker. In our experiments, a positive selection
marker was introduced into one site in the EBV genome and a distant, nonlinked, marker was introduced into
another site. Each marker was on a large EBV DNA fragment and was inserted into the genome by transfection
into cells carrying a resident EBV genome. The resident EBV genome was simultaneously induced to replicate
by using a cotransfected expression plasmid for the EBV immediate-early transactivator, Z (J. Countryman,
H. Jenson, R. Seibl, H. Wolf, and G. Miller, J. Virol. 61:3672-3679, 1987; G. Miller, M. Rabson, and L.
Heston, J. Virol. 50:174-182, 1984). Eleven percent of the resultant EBV genomes which incorporated the
positive selection marker also incorporated the nonlinked marker. Both markers uniformly targeted the
homologous EBV genome site. In this way novel EBV recombinants were constructed in which the EBV type
1 EBNA 3A, EBV type 1 EBNA 3A and 3B, or EBV type 1 EBNA 3A, 3B, and 3C genes were introduced into
a largely type 2 EBV genome, replacing the corresponding type 2 gene(s). No difference was observed in
primary B-lymphocyte growth transformation, in latent EBV gene expression, or in spontaneous lytic EBV
gene expression. These new recombinants should be useful for ongoing analyses of the type specificity of the
immune response.

Molecular genetic studies of the Epstein-Barr virus (EBV)
genome have been limited by the in vitro host range restric-
tion to primate B lymphocytes and the poor permissivity of
B lymphocytes for virus replication. Most molecular genetic
approaches used for other herpesviruses require large quan-
tities of virus or of intact virus DNA as well as in vitro
replication of progeny virus so that recombinants can be
selected, identified, or cloned. Two approaches have re-
cently been used to generate recombinant EBVs. Both
approaches utilize and extend the principle of high-fre-
quency homologous recombination between replicating her-
pesvirus DNA and homologous transfected DNA (28). The
first strategy uses a transformation-defective (26), deleted
(13) virus genome, resident in the P3HR-1 Burkitt's lym-
phoma cell line (12, 26a), as one parent and a transfected
recombinant EBV DNA fragment which spans the deletion
as the other parent (6, 7, 11). When virus replication is
induced in these transfected cells, large quantities of paren-
tal P3HR-1 EBV are produced along with up to several
hundred homologously recombined EBV genomes (6). The
recombinant genomes are usually restored for the deleted
DNA and are therefore uniquely able to cause growth
transformation or immortalization of primary B lymphocytes
(6, 7, 11, 31). Clones of transformed B lymphocytes carrying
a single recombinant EBV genome can thereby be recovered
(6, 7, 11, 17, 18, 31, 32), characterized (6, 7, 11, 17, 18, 32),
and in most instances passaged to other primary B lympho-
cytes following induction of virus replication (17, 18, 32).
This strategy has been developed and exploited to create
recombinant EBVs with mutations in or around the EBV
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nuclear antigen 2 (EBNA 2) or EBNA LP genes, which are
critical to infected B-lymphocyte outgrowth and are deleted
from P3HR-1 virus (6, 7, 11, 17). The strategy has also been
used to introduce mutations into adjacent EBV genes, ex-
ploiting restoration of growth transformation as a linked
positive selection marker (18, 32). The approach is limited to
genes which can be physically linked to the deleted DNA
segment which is essential to the restoration of the ability of
P3HR-1 to transform primary B lymphocytes. The second
strategy uses a cell line harboring a nondefective EBV
genome and transfection of a recombinant EBV DNA car-
rying a linked positive selection marker (37). This latter
strategy would be applicable to any EBV gene as long as the
neighborhood of the gene was compatible with a functioning
positive selection marker. In fact, mutations could, in the-
ory, be made in essential transforming genes since the
recombinant EBV genomes could be selected, character-
ized, and recovered from non-EBV-infected B-lymphoma
cells (37). A weakness of this latter strategy is that the
inserted positive selection marker not only must be func-
tional in the neighborhood of the EBV gene, but also must
not affect EBV infection.
We now demonstrate that an EBV genome which has

recombined with an EBV DNA fragment containing a posi-
tive selection marker will also frequently recombine with a
second, nonlinked cotransfected EBV DNA fragment. Res-
toration of the P3HR-1 EBV-transforming ability was used
as the nonlinked positive selection marker. The rate of
cotransfer of a cotransfected, nonlinked second marker was
investigated, and the resulting recombinant EBVs were
characterized. The surprisingly high frequency with which
second-site homologous recombination occurs remarkably
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extends the ease with which mutations can be made in the
EBV genome.
The nonlinked second fragment which was investigated

contains the EBNA 3A, 3B, and 3C genes. This fragment
was chosen because EBNA 3A, 3B, and 3C and EBNA 2 are
the genes which differ most extensively between the two
naturally occurring and biologically different EBV types (1,
9,29). Type 1 EBV strains transform primary B lymphocytes
with a higher efficiency than type 2 strains, and the type
1-transformed lymphoblastoid cell lines (LCLs) are more
able to sustain their growth at low cell concentrations (7, 27).
Otherwise isogeneic recombinant EBVs carrying type 1
EBNA 2 in a type 2 genome are similar in their effects on cell
growth to type 1 EBVs, indicating that EBNA 2 is the
dominant determinant of the type-specific growth effects (7).
Although EBNA 2 is the dominant determinant of type-
specific growth differences, the contribution of EBNA 3A,
3B, or 3C to the type-specific growth properties could not be
previously determined. Isogeneic recombinants carrying
type 1 or 2 EBNA 3A, 3B, or 3C would also be useful for
dissecting the relative importance of type-specific differ-
ences in T-cell immune responses in EBV-infected people.
Recent data indicate that EBNA 3A, 3C, and 2 contain
important T-cell epitopes (4, 5, 23) and that the epitopes are
frequently type specific (5, 23). These analyses would be
facilitated by having identical cells infected with isogenic
EBVs differing only in their EBNA 2 or EBNA 3 genes.

MATERIALS AND METHODS

Plasmid and cosmid construction. Plasmid pSVNaeI Z and
the EcoRI A cosmid have been described previously (18, 32).
The Sall E and C fragments of the B95-8 EBV type 1 DNA
were cloned from a partial SalI digest into pDVcosA2 (14) by
using an in vitro packaging extract and Escherichia coli
PLK-A (Stratagene Corp.). pDVSalI-E/C (pDVSECWT)
contains 42 kb of EBV DNA from positions 63201 to 105296
(3).

Cells and cell culture. The HH514-16 subclone of P3HR-1
(26a) (a gift from George Miller, Yale University) contains a
type 2 EBV genome deleted for the EBNA 2 gene and part
of the EBNA LP gene (13, 26), rendering it nontransform-
ing (26). BJA-B is an EBV-negative B-lymphoma cell line
(20). Louckes is an EBV-negative Burkitt's lymphoma cell
line (35). Human mononuclear cells used for establishment
of normal and mutant LCLs were obtained from normal
seronegative and seropositive donors. Enriched B-cell pop-
ulations were obtained by depleting T cells with S-(2-amino-
ethyl)isothiuronium bromide (Sigma)-treated sheep erythro-
cytes as described previously (18). All cultures were
maintained in RPMI 1640 medium supplemented with 10%
inactivated fetal bovine serum, glutamine, and 10 jig of
gentamicin per ml.
Cosmid transfection. P3HR-1 c16 cells were transfected

with EBV cosmid cloned DNA after release of the EBV
DNA from vector DNA; pDVSECWT was digested with
Sall to liberate SalI E and C DNA fragments. pSVNaeI
BamHI-Z was cotransfected to induce lytic replication (8,
21). P3HR-1 c16 cells (107 cells), harvested during log-phase
growth, were resuspended in 400 ,ul of complete medium
containing 25 mg of pSVNaeI Z plasmid or 25 mg of
pSVNaeI Z plasmid plus 10 jig of EcoRI-A or 25 jig of
pSVNaeI Z plus 10 ,ug of EcoRI-A plus 50 pug of SaII-EIC.
Resuspended cells were transferred to an electroporation
cuvette (0.4-cm gap; Bio-Rad) and, following a 10-min incu-
bation at 25°C, pulsed with 200 V at 960-,uF capacitance.

Cells were immediately diluted into 20 ml of complete
medium supplemented with 10 ,ug of gentamicin per ml.
Lytic EBV replication in LCLs was activated for virus
passage by transfection with 25 jig of pSVNaeI Z.
Primary and secondary infections. Primary human B lym-

phocytes were infected with 0.45-,uM filtered supernatants
from transfected P3HR-1 c16 cells obtained 3 days after
transfection. Intracellular virus was released into the me-
dium by three cycles of freezing and thawing. The superna-
tant was filtered and used directly or first concentrated by
centrifugation at 8,800 x g for 2 h. Virus was incubated with
T-cell-depleted human mononuclear cells for 2 h at 37°C.
Infected cells were resuspended in complete medium plus
gentamicin to a concentration of 3.3 x 105 cells per ml, and
150 ,ul (5 x 104 cells) was distributed into wells of a
96-microwell plate. The cultures were fed at 14 days post-
plating with 100 ,ul of medium. LCLs were macroscopically
visible 3 to 5 weeks after plating. LCL recombinant virus
was passaged by cocultivation with human T-cell-depleted
mononuclear cells. Three days after pSVNaeI Z transfec-
tion, 5 x 104 irradiated (8,800 rads) LCLs were cocultivated
with 5 x 104 T-cell-depleted mononuclear cells in 150 pl of
complete medium in a 96-microwell plate. Cultures were fed
at 14 days with 100 ,ul of medium. Transformed-cell out-
growth was visible 3 to 5 weeks after plating. As controls, 5
x 104 irradiated LCLs were plated without B lymphocytes.
PCR analysis. (i) Primers. Oligonucleotide primers which

distinguish among type 1 EBNA 3A (T1EBNA 3A), EBNA
3B (T1EBNA 3B), and type 2 EBNA 3A (T2EBNA 3A),
EBNA 3B (T2EBNA 3B) have been described previously
(29). A set of EBNA 3C (E3C-3') primers was synthesized to
a 3' region in EBNA 3C which would amplify a distinct
fragment for type 1 (158 bp) and type 2 (179 bp) EBV DNA
as a result of a 21-bp deletion in type 1 EBNA 3C DNA (29).
E3C-3'-PF primer (CACATCTGCAATCGGAGACA) corre-
sponds to nucleotides 100996 to 101015, and E3C-3'-PR
primer (GCTATCTTGTAACGGCATAG) corresponds to
nucleotides 101134 to 101153 (see Fig. 1 for location of
polymerase chain reaction [PCR] fragments) (3).

(ii) Reaction. Genomic DNA was prepared from approxi-
mately 5 x 104 to 1 x 105 cells. Following centrifugation to
remove medium, cells were resuspended in 0.2x phosphate-
buffered saline, boiled for 10 min, and mixed with 0.1 volume
of 10-mg/ml proteinase K (Sigma), and the mixture was
incubated for 30 min at 55°C. Proteinase K was inactivated
by incubation at 95°C for 20 min.
PCR analysis was performed by using Perkin-Elmer ther-

mal cycler with 10 to 20 pul of DNA in a 50-pdl reaction.
PCR-amplified DNA was analyzed by electrophoresis with
1% SeaKem ME-2% NuSieve agarose (FMC Corp.) gels and
visualized by staining with ethidium bromide.
Immunoblotting and Southern hybridization. Latent or

lytic EBV protein expression was analyzed by immunoblot
following electrophoresis in 7% polyacrylamide gels with
EBV immune human serum of previously characterized
specificities (2, 25, 32). LMP 1 was detected with the
monoclonal antibody S12 (16).
For Southern blot hybridization, 15 ,ug of cell DNA was

digested with BclI restriction enzyme in a 200-pul volume
(15). Following complete digestion, DNA was precipitated
and resuspended in 40 pLl of loading buffer. The DNA was
size fractionated by electrophoresis in a 0.4% agarose gel
and transferred to an activated nylon membrane (Gene-
Screen Plus; New England Nuclear). The filter was hybrid-
ized with a 32P-labeled EBNA 3A cDNA probe. Southern
blot hybridization with BamHI was done similarly, except
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FIG. 1. (A) Schematic representation of the EBV genome with the location of EBNA 2 and the EBNA 3 genes and P3HR-1 deletion
indicated. Also shown are the cloned EBV DNA fragments which were used to construct the pDVEcoRI A and pDVSEC cosmids. (B)
Schematic representation of the BamHI-E region indicating the exact location of the EBNA 3A, 3B, and 3C genes and the EBNA 3 PCR
fragments.

that fragments were separated on a 0.8% agarose gel and
hybridized with a 32P-labeled BamHI-H DNA probe.

In situ lysing-gel analysis (10) was performed by loading 2
x 106 cells into an in situ lysing-gel well containing agarose
with 1% sodium dodecyl sulfate and proteinase K as previ-
ously described (37). In situ cell lysis was accomplished by
running the gel at 0.5 V/cm (15 V) for 4 h, and then the
episomal and linear EBV DNA was fractionated by increas-
ing the voltage to 3.3 V/cm (100 V) for 18 h. The DNA was
transferred to an activated-nylon membrane and probed with
a 32P-labeled EBV Sall C DNA fragment.

RESULTS

Frequency of second-site recombination. To generate sec-
ond-site recombinants containing the type 1 EBNA 3 genes,
P3HR-1 cells were cotransfected with the EBV DNA EcoRI
A fragment which spans the P3HR-1 deletion (Fig. 1), with
the type 1 EBV DNA Sall C fragment which contains the
exons encoding EBNA 3A, 3B, and 3C (Fig. 1), and with the
pSVNaeI Z expression plasmid to induce replication of the
endogenous P3HR-1 genome. In these experiments, trans-
fection with the Z expression plasmid resulted in EBV
replication in approximately 1 to 10% of the P3HR-1 cells, as
measured by expression of the major virion envelope glyco-
protein, gp350 (data not shown). The resultant virus stocks
from 107 transfected P3HR-1 cells consisting of approxi-
mately 108 (107 to 109) nontransforming parental P3HR-1
virus, based on a free-virus yield of 102 to 103 EBV per

permissively infected cell (26a) and approximately 102 trans-
forming P3HR-1 generated as a consequence of recombina-
tion with EcoRI-A (6), were used to infect 1.5 x 107 primary
human B lymphocytes so that transforming recombinants
could be isolated by their ability to cause long-term LCL

outgrowth (6, 7, 11). The primary B lymphocytes were

plated into 300 wells so that an average well would have less
than 1.0 transforming recombinant virus. At this multiplicity
of infection, the resulting LCLs would probably be infected
with a single transforming recombinant virus, although there
was a high probability that the LCLs would be initially
coinfected with parental, nonrecombinant P3HR-1 virus.
The resulting LCLs were analyzed by PCR with primers
which would detect whether the viral genomes in the trans-
formed cells had also undergone recombination with the
transfected type 1 EBV DNA Sall C fragment and now
included type 1 EBNA 3A, 3B, or 3C genes. Since the
parental P3HR-1 genome is type 2 and the transfected type 1
Sall C fragment is approximately 10% divergent in nucleo-
tide sequence within the EBNA 3 genes, recombination at
these loci is readily detected by type-specific PCR for each
of the EBNA 3 genes (29).
The results were remarkably consistent among experi-

ments in which approximately 89% of the transformed LCLs
had only P3HR-1-derived type 2 EBNA 3 genes, whereas
approximately 11% were recombinant and had type 1 EBNA
3A, 3B, or 3C (Table 1). Of the LCLs infected with virus
carrying type 1 EBNA 3A, 3B, or 3C, approximately 70%
were coinfected with virus carrying type 2 EBNA 3 genes
(Table 1). Examples of the results showing evidence for
infection with only a type 1 EBNA 3A, 3B, or 3C recombi-
nant virus and not with a parental P3HR-1 virus are given in
Fig. 2, lanes TlE3-14, T1E3-28, T1E3-33, T1E3-35, and
TlE3-45. In each of these examples, either type 1 or type 2
but not both genes are detected at the EBNA 3A, 3B, or 3C
loci. An example of a result showing evidence for coinfec-
tion with an EBNA 3 recombinant virus and a parental
P3HR-1 virus is given in Fig. 2, lane TlE3-107. This latter

0
A. L

120 140 160 kb

(7,315)

92B. I

J. VIROL.



RECOMBINATION IN EPSTEIN-BARR VIRUS 783

TABLE 1. Frequency of second-site recombination

No. of type 1 EBNA 3 recombinants
Expt (no. of P3HR-1 coinfected)/total no.

EBNA 3A EBNA 3B EBNA 3C

1 10 (7)/107 1 (1)/25 1 (1)/25
2 3 (1)/39 1/17 1/17
3 9 (6)/68 9 (6)I68a 3 (NT)b 68a
4 11(10)/91 11 (10)/91C 1 (NT)/88C
Total 33 (24)/305 20 (16)/159 4 (NT)/156
Total (% T1E3 11 12 3

recombinants)
Total (% P3HR-1 72 80 NT

coinfected)
a All nine clones were type 1 for EBNA 3A and 3B, and three were also type

1 for EBNA 3C.
b NT, not tested.
I All 11 clones were type 1 for EBNA 3A and 3B, and 1 was also type 1 for

EBNA 3C.

LCL is coinfected with a type 1 EBNA 3A and 3B recom-
binant virus and with nonrecombinant P3HR-1 virus and
therefore has type 1 EBNA 3A and 3B and type 2 EBNA 3C
genes on the recombinant genome and type 2 EBNA 3A, 3B,
and 3C genes on the parental P3HR-1 genome. Approxi-
mately 11% of the LCL clones were infected with recombi-
nant virus which had type 1 EBNA 3A or 3B, and almost all
had both type 1 EBNA 3A and 3B (Table 1). Examples of
LCLs which were infected with an EBV that was recombi-
nant for type 1 EBNA 3A or 3B but not both are given in Fig.

O4_4

A. EBNA 3A PRIMERS:
392-

2, lanes TlE3-14, T1E3-28, and T1E3-33. Examples of LCLs
which were infected with an EBV that was recombinant for
type 1 EBNA 3A and 3B are given in Fig. 2, lanes T1E3-26,
T1E3-35, T1E3-45, TlE3-100, and TlE3-107. One clone had
type 1 EBNA 3A, 3B, and 3C (Table 1; Fig. 2, lane T1E3-35),
and none had EBNA 3C only. The EBNA 3 genotypes of the
recombinants are summarized in Table 2. The high fre-
quency of recombination at the EBNA 3A and 3B loci and
the low frequency of recombination at the EBNA 3C locus
may be attributed to the termination of the EBNA 3C open
reading frame only 4 kb from the right end of the type 1 Sall
C fragment which was used in these transfections, whereas
the EBNA 3A and 3B open reading frames are more cen-
trally located within Sall C (Fig. 1).

Stochastic and empirical evidence indicates that the pres-
ence of both type 1 and type 2 EBNA 3A, 3B, or 3C genes,
as was observed in 72% of the EBNA 3 recombinant LCLs,
is almost always the result of coinfection with both a
parental, nonrecombinant P3HR-1 virus and a doubly
recombinant virus which is transforming and carries the type
1 EBNA 3 gene(s). In previous experiments with mutations
within EcoRI-A, parental, nonrecombinant P3HR-1 virus
was frequently present in such vast excess over recombinant
viruses that many or most primary B lymphocytes were
initially infected with the parental P3HR-1 virus in addition
to transforming EcoRI-A recombinants (18, 32). This result
was expected since the recombinant virus stocks are in
P3HR-1 virus-infected cells and approximately 1 to 10% of
the cells are induced to lytic virus infection, releasing
approximately 108 parental P3HR-1 viruses and approxi-
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FIG. 2. Analysis of the EBNA 3 genotype of EBV-immortalized LCLs carrying wild-type type 2 (T2E3) and recombinant type 1 (T1E3)
EBNA 3 genes by PCR. Panels A, B, and C illustrate the ethidium bromide staining of PCR-amplified fragments by using primers which
distinguish between type 2 and type 1 EBNA 3A, 3B, and 3C genes, respectively. EBNA 3A primers amplify a 237-bp and a 276-bp fragment
from type 2 and type 1 DNA, respectively (29). EBNA 3B primers amplify a 218-bp and a 183-bp fragment from type 2 and type 1 DNA,
respectively (29). EBNA 3C-3' primers amplify a 179-bp and a 158-bp fragment from type 2 and type 1 DNA, respectively. Lanes 1 and 2 are
negative control amplifications with primers only and EBV-negative BJA-B cell DNA. Lanes 1 and 2 of EBNA 3C (panel C) show faint bands
due to contamination with B95-8 DNA. Lanes 3 and 4 are positive control amplifications of P3HR-1 (type 2) and B95-8 (type 1) cell DNA.
Lanes 5 to 9 are amplifications of LCL DNA transformed by viruses taken from P3HR-1 cells transfected with the EcoRI-A cosmid and
pSZNaeI Z plasmid only and therefore should carry wild-type type 2 EBNA 3 genes (LCLs designated T2E3). Lanes 10 to 17 are
amplifications of LCL DNA transformed by viruses taken from P3HR-1 cells transfected with the pSVNaeI Z plasmid, EcoRI-A cosmid, and
Sal-C cosmid and selected because of recombination in the EBNA 3 genes (LCLs designated T1E3). Panel D illustrates the ethidium bromide
staining of EBNA 3A PCR fragment from DNA obtained from an early (lane 2) and a later (lane 1) passage of TlE3-100 demonstrating the
loss of parental P3HR-1 virus over time. Size markers (kilobases) of RsaI fragments of 4X174 DNA are shown on the left.
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TABLE 2. Genotypes and immunophenotypes of type 2
EBNA 3 recombinants

Clone Genotypea Immunophenotypeb Coinfection

TlE3-14 T1/T2/T2 T1/T2/T2 No
TiE3-26 Tl/Tl/Tl-T2C Tl/Tl/Tl No
TlE3-33 T2/T1/T2 T2/IND/T2d No
TlE3-35 Tl/Tl/Tl Tl/Tl/Tl No
T1E3-45 T1/T1/T2 NT" No
TlE3-iOO T1/T1/T2 T1/T1/T2 Yes
TlE3-107 T1/T1/T2 NT Yes

T2E3-1 T2/T2/T2 T2/T2/T2 NT
T2E3-2 T2/T2/T2 T2/T2/T2 NT
T2E3-3 T2/T2/T2 T2/T2/T2 NT
T2E3-6 T2/T2/T2 T2/T2/T2 NT
T2E3-7 T2/T2/T2 T2/T2/T2 NT

a Type for EBNA 3A/type for EBNA 3B/type for EBNA 3C.
b The type 1 immunophenotype was detected by a type 1-specific EBV

immune serum. The type 2 immunophenotype was not directly tested, but was
assumed to be type 2 since P3HR-1 virus is a type 2 EBV.

c T1-T2 indicates the presence of both type 1 and type 2 EBNA 3C owing
to a nonhomologous recombination in EBNA 3C.

d IND, indeterminate. The EBNA 3B ofT1E3-33 did not react with the type
1-specific serum, despite the PCR amplification of a type 1 EBNA 3B
sequence. Type 2 EBNA 3B expression was not directly assayed. Therefore,
T1E3-33 encodes a chimeric EBNA-3B with the type 1 sequence limited to a
region surrounding the PCR primers which does not encode detectable type
1-specific epitopes; alternatively, the recombination has disrupted the EBNA
3B open reading frame and no EBNA 3B is expressed.

e NT, not tested.

mately 102 EcoRI-A recombinant, transforming P3HR-1
viruses. Independent recombination at the EBNA 3 loci is
expected to be less efficient than within EcoRI-A since
EcoRI-A is larger than Sall-C. Furthermore, EcoRI-A con-
tains 30 kb of long internal repeat DNA which is homologous
to the parental P3HR-1 genome, and EcoRI-A has latent and
lytic EBV DNA replication origins. The larger size, the
repeats, and the replication of the transfected EcoRI A
fragment within transfected cells is expected to make
EcoRI-A more recombinogenic (24, 30, 33, 34). If the fre-
quency of independent Sall-C recombination is similar to
that of EcoRI-A, there would be approximately 102 indepen-
dent type 1 EBNA 3 recombinants, and the chance that an
EcoRI-A and a Sall-C recombinant would both infect the
same primary B lymphocyte among 107 B lymphocytes
which are used in one experiment would be very small.
Direct evidence that the finding of both type 1 and type 2
EBNA 3A, 3B, or 3C genes in the same LCL is due to
coinfecting nonrecombinant parental P3HR-1 genomes came
from three observations. First, in all instances (except one
described below) when an LCL was infected with an EBV
carrying type 1 EBNA 3A or 3B, EBNA 3A and 3B, or
EBNA 3A, 3B, and 3C genes and also had the corresponding
type 2 EBNA 3 gene(s), the cell had the full complement of
type 2 EBNA 3 genes, irrespective of whether one, two, or
three type 1 EBNA 3 genes were present. Thus, these cells
infected with EBV genomes with an insertion of type 1
EBNA 3A, 3B, or 3C genes also had genomes in which
linkage was preserved through the entire type 2 EBNA 3
region. This could occur on the same genome only if the type
1 genes had inserted into a site 5' or 3' to the type 2 genes.
Southern blot analysis of one putative coinfected and four
singly infected type 1 recombinant LCL DNAs proved that
both the type 1 and type 2 EBNA 3 genes were in the
expected context in EBV genomes (see below). Second,
although in initial PCR screening the P3HR-1-derived type 2

EBNA 3 genes were frequently equally represented (Fig.
2D, lane 2), subsequent PCR analyses of expanded LCL
cultures revealed that the amplified fragments from type 2
EBNA 3 genes were now less evident than the type 1
fragments (Fig. 2D, lane 1). This is consistent with the
expectation that parental coinfecting P3HR-1 genomes
would be lost because they would be nontransforming ge-
nomes and therefore dispensable for LCL outgrowth. Third,
when virus was passed from the putatively doubly infected
LCLs to primary B lymphocytes, the resultant LCLs had
whichever type 1 EBNA 3 genes were present in the original
LCL (see below). The parental clone TlE3-100 in Fig. 2A to
C has already lost most of its coinfecting nonrecombinant
P3HR-1, and the progeny virus-transformed LCL (see Fig.
6) has only type 1 EBNA 3B. Thus, the type 1 EBNA 3A
gene cosegregates with the transforming virus genome and
the type 2 EBNA 3A gene does not.

Characterization of the type 1 EBNA 3 recombinants. Five
type 1 EBNA 3 recombinants (resulting from recombination
with transfected SalI C and EcoRI A DNA fragments) and
five type 2 recombinants (resulting from recombination with
EcoRI-A only) which had been derived from two experi-
ments were further characterized by restriction endonucle-
ase digestion and Southern blot, by in situ lysis and Southern
blot, by immunoblot for latent and lytic-cycle EBV gene
expression, and by growth rate at low cell concentrations.
LCL DNA was cut with BclI, which cleaves type 1 DNA at
positions 79894 and 97110 or type 2 DNA at positions 79894,
93135, and 97052 (Fig. 3A). Thus, type 2 DNA has a
distinctive BclI site near the center of EBNA 3A, which
results in 13.3- and 3.9-kb fragments instead of the type 1
distinctive 17.2-kb fragment. Southern blots of LCL DNA
were probed with EBNA 3A cDNA, which has two exons
centered around the new BclI site characteristic of the type
2 EBNA 3 and an upstream exon from the BamHI U
fragment (Fig. 1 and 3A). The EBNA 3A open reading frame
probe detected a 17.2-kb fragment in type 1 B95-8 DNA and
13.3- and 3.9-kb fragments in type 2 P3HR-1 DNA (Fig. 3B).
The upstream EBNA 3A BamHI-U exon also detected a
9.5-kb Bcll fragment in both DNAs (Fig. 3B). As expected,
the clones which by PCR appeared to be type 2 nonrecom-
binants at EBNA 3A had only the type 2 BclI fragments (Fig.
3B, lanes T2E3-1, T2E3-2, and T2E3-3). The TlE3-33 clone,
which by PCR analysis was singly infected with a type 1
recombinant restricted to the EBNA 3B locus, had only the
type 2 EBNA 3A Bcll site and the expected 13.3- and 3.9-kb
fragments (Fig. 3B). The TiE3-26, TiE3-28, and TlE3-35
clones, which were singly infected with type 1 EBNA 3A
recombinants by PCR analysis, had only the type 1 Bcll
fragment (Fig. 3B). The absence of type 2 Bcll fragments in
these DNAs excludes the possibility that the type 1 EBNA
3A genes had inserted nonhomologously into another site in
the EBV genome. The TlE3-100 Southern blot was particu-
larly interesting in indicating coinfection with genomes that
had both the type 1 and type 2 BclI fragments surrounding
EBNA 3A (Fig. 3B; data not shown). This agrees with the
early-passage PCR analysis of TlE3-100 shown in Fig. 2D,
whereas PCR analysis of a later passage of TlE3-100 shown
in Fig. 2 reveals that the coinfecting type 2 EBNA 3A gene
has been lost, leaving a single virus genome which is
recombinant for the type 1 EBNA 3A and 3B genes.

Southern blot analysis of the Bcll and BamHI (see below)
digests of the LCL DNA probed with a SalI-C DNA probe
demonstrated the expected restriction fragments, indicating
a single Sall C fragment, further confirming the expected
genome structures (data not shown). Thus, almost all PCR
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FIG. 3. Southern hybridization of genomic DNA from repre-

sentative LCLs. Genomic DNA was digested with BcIl restriction
endonuclease and hybridized with 32P-radiolabeled B95-8 EBNA 3A
open reading frame cDNA probe containing genome sequence 67649
to 67535 (from the splice site in BamHI-U) and 92238 to 95239
(EBNA 3A open reading frame) (panel A). (A) A schematic repre-

sentation of the type 1 and type 2 EBNA 3A region and the expected
BclI fragments. Type 2 DNA (P3HR-1) has an additional BcIl site
(position 93135) in the EBNA 3A open reading frame, resulting in a

prominent 3.9-kb BcII fragment when hybridized with the EBNA 3A
open reading frame probe. In contrast, type 1 (B95-8) DNA has no

EBNA 3A BclI site and therefore has a 17.2-kb BclI fragment. (B)
Southern hybridization results from representative LCLs. Digests of
genomic DNA from P3HR-1 and B95-8 (lanes 1 and 2), three T2E3
LCLs (lanes 3 to 5), and five T1E3 LCLs (lanes 6 to 10) are shown.
Size markers (kilobases) of HindIll fragments of lambda DNA are
shown on the left.

and Southern blot results were consistent with insertion of
part of the type 1 Sall C fragment into the P3HR-1 genome
by homologous recombination. In addition, Southern blot
analysis of the LCL genomic DNA digested with BamHI and
probed with a 32P-labeled cloned BamHI H DNA fragment
(Fig. 1) demonstrated proper replacement of the P3HR-1
deletion by recombination with the cloned type 1 EcoRI A
fragment (data not shown). All the LCLs examined had the
B95-8 (type 1) size BamHI H fragment, with no detectable
difference between the type 2 EBNA 3 LCLs and the type 1
EBNA 3 LCLs (data not shown).
The single evidence for nonhomologous recombination

among 33 clones which were analyzed was the T1E3-26
clone which by PCR and Southern analysis had only type 1
EBNA 3A and 3B (Fig. 2 and 3). The absence of type 2
EBNA 3A and 3B indicates that this LCL was not coinfected
with another EBV genome and that the type 1 EBNA 3A and
3B genes had replaced the corresponding type 2 genes
through site-specific integration into the EBV genome. How-
ever, the T1E3-26 genome is diploid for EBNA 3C (Fig. 2C).
The triplet bands noted in the PCR analysis are due to type
1, type 2, and heterohybrid EBNA 3C bands. This suggests
that recombination at the right side of SalI-C for this

440 Om N _ EBRNA LP

Lane- 1 2 3 4 5 6 7 8 9 10 11 12 13

FIG. 4. Immunoblot analysis of total cellular proteins from rep-

resentative LCLs. Protein blots were incubated with a serum

specific for type 1 EBV latent proteins to examine recombination at
the protein level (25). Type 1 EBNA 3A, 3B, and 3C are 145-, 165-,
and 155-kDa proteins, respectively (lla, 25, 27a). Protein lysates
from 5 x 105 cells were loaded and separated on a 7% polyacryl-
amide gel, transferred to nitrocellulose, incubated with a 1/10
dilution of the type 1 specific immune serum (previously absorbed
with EBV-negative Louckes cells), and radiolabeled with 1251_
protein A. A negative control from the EBV-negative BJA-B is
shown in lane 1. Protein lysates from P3HR-1 and B95-8 cells are
shown in lanes 2 and 3. The specificity of the type 1-specific immune
serum is shown by the strong reactivity to the B95-8 type 1 EBNA
3 proteins (lane 3) and the lack of reactivity to the P3HR-1 type 2
EBNA 3 proteins (lane 2). Protein lysates from five T2E3 (lanes 4 to
8) and five T1E3 (lanes 9 to 13) LCLs are shown. The location of the
EBV latent proteins is shown on the right. The protein detected in
the type 2 LCLs (lanes 2 and 4 to 8) and the T1E3-33 LCL (lane 12)
which is migrating slightly faster than EBNA 3A, is a cross-reacting
band and is not to be confused with the type 1 EBNA 3A band
detected in lanes 3, 9 to 11, and 13. Size markers (kilodaltons) of
protein molecular mass standards are shown on the left.

recombinant was nonhomologous and that the recombina-
tion was 3' to the type 1 EBNA 3C and 5' to the type 2
EBNA 3C site. PCR analysis of this recombinant with an

additional set of EBNA 3C primers (29) located approxi-
mately 900 bp 5' to the first set of EBNA 3C primers (Fig. 1)
also demonstrated amplification of both type 1 and type 2
EBNA 3C-specific fragments, further indicating that the
EBNA 3C recombination was nonhomologous. The analysis
with the second set of primers indicates that type 1 EBNA
3C is positioned 5' to most or all of type 2 EBNA 3C in the
recombinant genome (PCR data not shown). With virus
replication in the T1E3-26 clone, progeny transforming vi-
ruses further recombined to delete the type 1 EBNA 3C
gene, resulting in apparently fully homologously recombi-
nant genomes carrying type 1 EBNA 3A and 3B genes and
the type 2 EBNA 3C gene (see below).
Immunoblot analyses confirmed the genotypic analyses

and indicated that there was no effect of type 1 EBNA 3A,
3B, or 3C substitution on the expression of other latent or

lytic-cycle EBV genes. A largely type 1-specific human
antiserum did not detect type 1 EBNA 3s in the fully type 2
cell lines T2E3-1-, T2E3-2-, T2E3-3-, T2E3-6-, and T2E3-7-
infected LCLs (Fig. 4). The antiserum did detect type 1
EBNA 3A, 3B, or 3C in the TlE3-14-, T1E3-28-, T1E3-35-,
T1E3-33-, and TlE3-100-infected LCLs (Fig. 4). EBNA 2
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FIG. 5. Expression of lytic (A) and lI.MP I (B) proteins in

representative LCLs. Polyacrylamide gels (7%c) were loaddc with
protein Iysaite samplcs. and separated pi-oteins were transftrred to
nitrocellulose. (A) l xtic-antigen expression was examiined by inCL-
batioin with /10) dilution Of SP human seillm and radiolabeling with
25I-protein A. Ihe location of the lvtic antigens (carlys antigens
IEAI) is shown on the right. SP also hats reacts with the tspc 1 Iatent
antigens. (B) LMIP 1 expression was cxamined bs incLbaiting with
the S12 LMP 1-specific monoclonal antibody (16). a ribbit anti-
mouse secondai aintibody andi '2`1-protein A. IMP 1 and the
lytic-cycle prodiuct of the LMP 1 gene. DILM1I1. arc indicated.
Both are expressed in 1395-8 cells. EBV intection in the i-ccombinaint
LCLsx unlike B95-8 cells, is primarily latent and DILMP is not
detected. A protein lysate from EBV-negative BJA-B cells is shown
in lane 1. Protein lvsates from induced P3HR-1 (lane 2) induced
B95-8 (lane 3). and five T2E3 (lanes 4 to 8) and fivc TIlE3 (lancs 9 to
13) LCLs are shown. Size markcrs (kilodaltons) of piotein moleCLi-
lar mass standards are shown on the let.

and EBNA LP and LMP 1 expression was simila am-ong dtl
of the cell lines, including T1E3-35. which was type 1 att the
EBNA 3A. 38.3 and 3C loci (Fig. 4 and SB). Most LCI.
clones exhibited little evidence of spontaneouLs lytic-cycle
EBV gene expression irrespective of whether they were
recombinant or nonrecombinant at an EBNA 3 lCouS (Fig.
5A). In situ lysis a-ind Southern blot analysis of five LCLs
infected with type 1 EBNA 3A and 3B or EBNA 3A. 3B. and

3C recombinants and of four LCLs infected with fully type 2

EBNA 3 genomes reveailed no diflerence in EBV episome

copy number or in spontanCous EBV replication as cvi-
denced by linear EBV genomes (datta not shown).

Replication and passage of the recombinant virus. Virus
could be passatged from LCLs infected: with recombinant
virus whether or not the recombinant virus had also incor-

porated one or more type 1 EBNA 3 loci. As expected. the
resultant infected LCLs had the EBNA 3 genotypc and

immunophenotype characteristics of the parental virus (Fig.
6 to 8; data not shown). The time to oLutgrowth and subse-

quent passage of primary B lymphocytes infected with type
1 EBNA 3A and 3B recombinants was no different from that
of cells infected in parallel with an otherwise isogenic type 2
control.

Passage of virus was useful in separating coinfecting
genomes and in resolving the single putatively partially
homologous recombinant. The T1E3-100 LCL was pre-
sumed to be coinfected with parental P3HR-1 and a trans-
forming recombinant which also had type 1 EBNA 3A and
3B genes. When progeny virus from TlE3-100 was used to
infect primary B lymphocytes. the resultant transformants
had type 1 EBNA 3A and 3B by genotype and immunophe-
notype (compare the parental TlE3-100 and progeny T1E3-
10)A. T1E3-100G. and T1E3-100J in Fig. 6, 7. and 8). Tlhe
cosegregation of transformation and type 1 EBNA 3A and
3B in the progeny transformed LCLs is strong evidence for
physical linkage between these genetic markers in a single
genome in the parental LCL. Otherwise, progeny transfor-
mants would be expected to be as frequently or more
frequently type 2 at the EBNA 3A and 3B loci. The TIE3-26
LCL was infected with an EBV which had type I EBNA 3A
and 3B and type 1 and type 2 EBNA 3C. Ihis LCL was
presu-med to be infected with a single virus which had
incorporated type I EBNA 3A. 3B, and 3C, displacing the
type 2 EBNA 3A and 3B genes, hut with a nonhomologous
recombination 3' to the type 1 EBNA 3C gene, inserting the
type 1 EBNA 3C 5' to the type 2 EBNA 3C gene. The two
progeny LCLs that arose following infection with viruis from
T1E3-26 were infected with genomes which had deleted the
r-edundant type 1 EBNA 3C gene and were type 1 for EBNA
3A and 3B and tvpe 2 ftor EBNA 3C (Fig. 6 and 7).

I)ISCUSSION

'Ihese experimcnts demonstrate important principles
which will be useful for subsequeint EBV recombinant mo-
leculatr gcnetic experiments. First, a cotransfected EBV
DNA fragment can be incorporated into replicating EBV
genomes which had also recombined with a nonlinked pos-
itive selection marker. TIhus, a replicating EBV DNA mole-
cule which pairticipates in one recombination event can
participate in at second recombination event. Second, the
recombination of the nonlinked EBV DNA fragments into
the EBV genome is almost always fully homologous. Previ-
ous studies with transtected large EBV DNA fragments
which included the DNA deleted from P3HR-1 and which
used restoration of transformation as a positive selection
revealed that the transformation-competent recombinants
had incorporated the previously deleted DNA into the
'correct' site (6, 7, 11, 17, 18, 31, 32). Our data indicate that
the nonlinked cotransfected EBV DNA is also almost invari-
ably targeted to the correct site, probably by reciprocal
homologous recombination. PCR analysis of eight of nine
LCLs singly infected with independently derived type I
EBNA 3 reconmbinants demonstrated that the type 1 EBNA
3 gene(s) had replaced the type 2 gene(s). Most of the initial
type 1 EBNA 3 recombinant-infected LCLs were coinfected
with P3HR-1. complicating the interpretation of their initial
PCR results. Even in those instances, passage of virus
resulted in segregation of the transformation-competent type
1 EBNA 3 recombinant genomes from the nonrecombinant
P3HR-1 genome. The single exception to complete replace-
ment was a genome in which the three type 1 EBNA 3 genes
had replaced the type 2 EBNA 3A and 3B genes but had not
replaced the type 2 EBNA 3C gene. Passage of virLsS from
this LCIL to primary B lymphocytes resulted in an EBV
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FIG. 6. PCR analysis of T2E3 and T1E3 progeny clones. Parental clones T2E3-6, T1E3-26, and TlE3-100 were transfected with pSVNaeI
Z to induce virus replication, lethally irradiated (8,800 rads), and cocultured with human B cells. The PCR analysis of three progeny T2E3-6
LCLs (lanes 4 to 6) derived from the parental T2E3-6 LCL (lane 3), three progeny TlE3-100 LCLs (lanes 11 to 13) derived from the parental
TlE3-100 LCL (lane 10), and two progeny T1E3-26 LCLs (lanes 8 and 9) derived from the parental T1E3-26 LCL (lane 7) analyzed with the
EBNA 3A, 3B, and 3C-3' primers is shown. The PCR analysis of P3HR-1 (lane 1) and B95-8 (lane 2) is also shown. Size markers (kilobases)
of RsaI fragments of 4X174 are shown on the left.

genome which deleted the previously duplicated EBNA 3C
gene, presumably resulting- in a fully homologously recom-

bined type 1 EBNA 3A and 3B and type 2 EBNA 3C
genome. Third, the frequency of incorporation of the non-

linked EBV DNA fragment was 11% despite the absence of
repeat DNA and latent or lytic-cycle replication origins. The
lack of dependence on repeat DNA and on latent or lytic
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FIG. 7. Analysis of progeny LCLs for expression of latent pro-
teins. Protein analysis of three progeny T2E3-6 LCLs (lanes 4 to 6)
derived from the parental T2E3-6 LCL, three progeny TlE3-100
LCLs (lanes 8 to 10) derived from the parental TlE3-100 LCL (lane
7), and two progeny T1E3-26 LCLs (lanes 12 and 13) derived from
the parental T1E3-26 LCL (lane 11) are shown. Also shown are the
protein analyses from BJA-B (a negative control [lane 1]), P3HR-1
(lane 2), and B95-8 (lane 3). Protein lysates were separated and
analyzed with the type 1 specific immune serum as discussed in the
legend to Fig. 4.

origins should make it possible to extend this approach to
specifically introduce mutations into any site in the EBV
genome.
The relatively high efficiency with which second-site ho-

mologous recombination occurred in these experiments sug-
gests that second-site homologous recombination may be
generally applicable to other herpesvirus or other virus or
host cell molecular genetic experiments. Such an approach is
particularly useful because it simplifies the strategy neces-
sary to make mutations in any specific site in a genome
which is linked to another site that is subject to a positive
selection strategy. Indeed, the fact that successfully trans-
fected cells take up and incorporate large quantities ofDNA
has been widely useful and is an important component of this
procedure (28, 38). A high frequency of recombination
among DNAs which participate in a single recombination
event has also been noted in many systems (19, 22, 36).
These experiments used a 30-kb EBV DNA fragment, and

the large fragment size probably contributed to the high
efficiency of targeted homologous recombination. In a pre-
vious experiment with a positive selection marker in a 3-kb
EBV DNA fragment, nonhomologous insertion was noted
(37). The high frequency of insertion of both type 1 EBNA
3A and 3B and the low frequency of insertion of type 1
EBNA 3C are compatible with the working hypothesis that
most of the 30-kb transfected DNA is inserted into the EBV
genome and that the efficiency decreases within 4 kb of the
ends. This occurred in these experiments despite type 1 and
type 2 EBNA 3C having a similar level of homology to that
between type 1 and type 2 EBNA 3A and transfection of
Sall-C as a free, linear DNA fragment. Although homolo-
gous recombination in other systems is facilitated by free
DNA ends (5a), free ends may not be more recombinogenic
in this system.
These experiments demonstrated no difference between

EBV recombinants with type 1 or type 2 EBNA 3 genes in
their ability to transform primary B lymphocytes or in the
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FIG. 8. Analysis of progeny LCLs for expression of lytic (A) and
LMP1 (B) proteins. Three progeny T2E3-6 LCLs (lanes 5 to 7)
derived from the parental T2E3-6 LCL (lane 4), three progeny

TlE3-100 LCLs (lanes 9 to 11) derived from the parental TlE3-100
LCL (lane 8), and two progeny T1E3-26 LCLs (lanes 13 and 14)
derived from the parental T1E3-26 LCL (lane 12) are shown. Also
shown are the protein lysates from BJA-B (a negative control [lane
1]), P3HR-1 (lane 2), and B95-8 (lane 3). Protein lysates were

separated and analyzed as discussed in the legend to Fig. 5.

growth of the resultant LCLs. Furthermore, there was no

difference in latent or lytic-cycle EBV gene expression.
These results are consistent with previous results which
indicated that type-specific differences in EBNA 2 are pri-
marily responsible for the different effects of type 1 or type
2 EBV in primary B-lymphocyte growth transformation (7,
27). Although no differences were observed in vitro, it is
possible that EBV encoding type 1 or type 2 EBNA 3 differs
in some aspect which may only be apparent in vivo. The
functions of the EBNA 3 proteins are not known, except for
the observation that EBNA 3C expression in Burkitt's
lymphoma cells results in increased expression of CD21
(36a). Whether type 1 and type 2 EBNA 3C have the same

effect on CD21 expression has not been examined. Further-
more, we have not examined or compared the level of CD21
or any other antigen expression in our EBNA 3 recombinant
LCLs.
The type 1 EBNA 3A, 3A and 3B, and 3A, 3B, and 3C

recombinants derived in these experiments will be useful in
subsequent studies of the effect of type-specific differences
on cell growth or immune T-cell cytotoxic killing of EBV-
infected B lymphocytes. For these purposes, two additional

type 1 EBNA 3A, 3B, and 3C recombinant EBVs have been
derived (data not shown). Previous analyses of immune
T-cell cytotoxic recognition of EBV-transformed B lympho-
cytes indicated that EBNA 3A has an epitope which is
recognized in the context of HLA-B8 and that this epitope
differs between type 1 and type 2 viruses (5, 23).
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