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In order to facilitate the generation of mutant viruses of varicella-zoster virus (VZV), the agent causing varicella
(chicken pox) and herpes zoster (shingles), we generated a full-length infectious bacterial artificial chromosome
(BAC) clone of the P-Oka strain. First, mini-F sequences were inserted into a preexisting VZV cosmid, and the
SuperCos replicon was removed. Subsequently, mini-F-containing recombinant virus was generated from overlap-
ping cosmid clones, and full-length VZV DNA recovered from the recombinant virus was established in Escherichia
coli as an infectious BAC. An inverted duplication of VZV genomic sequences within the mini-F replicon resulted in
markerless excision of vector sequences upon virus reconstitution in eukaryotic cells. Using the novel tool, the role
in VZV replication of the major tegument protein encoded by ORF9 was investigated. A markerless point mutation
introduced in the start codon by two-step en passant Red mutagenesis abrogated ORF9 expression and resulted in
a dramatic growth defect that was not observed in a revertant virus. The essential nature of ORF9 for VZV
replication was ultimately confirmed by restoration of the growth of the ORF9-deficient mutant virus using
trans-complementation via baculovirus-mediated gene transfer.

Varicella-zoster virus (VZV), the causative agent of chicken
pox (varicella) and shingles (herpes zoster), is a highly cell-
associated herpesvirus both in vitro and in vivo (7, 23). Simi-
lar to the situation with a closely related alphaherpesvirus,
Marek’s disease virus (MDV), VZV spreads directly from cell
to cell, presumably utilizing the machinery involved in adher-
ens junction modeling and architecture. Infectious virus is re-
leased into the environment only after lytic VZV replication in
the skin and respiratory mucous membranes of infected indi-
viduals (2, 43). Efficient and timely coordinated interaction
between the tegument, a proteinaceous structure surrounding
the icosahedral nucleocapsid, and envelope membrane (glyco)
proteins plays a crucial role in the secondary envelopment and
spread of herpesviruses in general and VZV in particular (35).
It has been shown for related viruses, such as herpes simplex
virus, that the inner layer of tegument is tightly associated with
the nucleocapsid, whereas the outer layer of tegument provides
the link to envelope proteins (34, 36). The current model of
herpesviral tegumentation predicts that the inner layer of teg-
ument is added to the nucleocapsid in the nucleus and de-
enveloped particles in the cytoplasm, while proteins represent-
ing the outer layer are thought to accumulate at cytoplasmic
membranes where they make contact with their respective
partners, either other tegument proteins or membrane pro-
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teins or both (34-36). Through these intricately regulated in-
teractions, final secondary envelopment of particles is facili-
tated and, ultimately, infectious virus is produced and released.

Determination of the role of individual tegument or mem-
brane (glyco)proteins in the replication cycle of various her-
pesviruses is not trivial, because in vitro, many of the functions
appear redundant (34, 35). Analyses of viral mutants have
shown, however, that similar sets of structural proteins are
required for most alphaherpesviruses. VZV and MDV seem to
be the exceptions to the rule. Not only do they share important
biological properties with respect to growth in vitro and in vivo
but they also exhibit striking similarities with respect to the
membrane (glyco)proteins, as well as tegument proteins, that
they absolutely require for replication. For example, both gly-
coprotein E (gE) and gl, which form a noncovalently linked
complex in infected cells and virions, are essential for the
growth of both viruses, at least in certain cell types, while they
are dispensable in all other alphaherpesviruses tested (3, 8, 25,
37, 42, 50, 63, 65). In contrast, the major viral transactivator
encoded by VZV ORFI10 (MDV ULA48) is dispensable for the
growth of either virus, but is essential for most related viruses
(17, 19, 20, 58, 61). In this context, it must be noted that the
MDV UL49 product, the ORF9 homologue of VZV, was
shown to be absolutely required for the growth of the chicken
virus. The facts that this tegument protein was shown to phys-
ically interact with gE in the case of related herpesviruses and
that gE is essential for both VZV and MDYV (4, 21, 29, 30, 38,
50) prompted us to investigate the role of the ORF9 product in
the VZV life cycle.

Since mutagenesis of herpesviruses using standard tech-
niques that are based on homologous recombination in cul-

13200



VoL. 81, 2007

tured cells by default results in a steady positive selection for
viral replication, manipulation of genes that are crucial for
viral replication in noncomplementing cells is virtually impos-
sible. In addition, propagation in cultured cells increases the
risk of introducing compensatory mutations within the viral
genome. The generation of stable trans-complementing cell
culture systems for virus mutagenesis is not always possible,
because herpesviral genes are expressed at a defined stage of
viral replication, at a certain level, and can even be toxic if
expressed in the absence of other viral proteins. These draw-
backs of conventional mutagenesis are even more dominant in
the case of slowly replicating, highly cell-associated viruses,
making it virtually impossible to transfer virus from frans-
complementing to noncomplementing cells. As the first step
out of this predicament, herpesviral genomes were cloned as
overlapping cosmid clones in Escherichia coli, which makes all
the bacterial methods for sequence modification available but
is also prone to selective pressure, at least at the sites of
recombination of the individual cosmids during virus reconsti-
tution (15, 48, 57, 59). In the case of a replication-deficient
virus reconstituted from a cosmid clone, it is virtually impos-
sible to discriminate between failure of cosmid recombination,
a lack of trans-complementation, the essential nature of the
manipulated sequence, or any unwanted fatal second-site mu-
tations within viral sequences. As an improvement over cosmid
cloning and a logical next step, a number of herpesvirus ge-
nomes, including the VZV genome, were previously cloned as
bacterial artificial chromosomes (BAC). Full-length viral DNA
sequences can be maintained in E. coli and manipulated with
targeted or random techniques, and the final mutant viruses
are derived immediately after transfection of permissive cells
(1, 5, 13, 32, 33, 40, 47, 49, 52, 53).

Herpesvirus genomes range from approximately 100 to 300
kb in size and are densely packed with open reading frames
totaling ~70 to ~220 genes. They also contain direct and
indirect repeat sequences and sequence duplications (10, 31,
60). Having such optimized genomes also means that overlap-
ping regulatory sequences are found within open reading
frames, along with polycistronic transcription units, expression
of multiple splice variants, antisense RNAs, and microRNAs
(11, 12, 22, 26, 45, 46). To avoid collateral and spurious effects
of herpesvirus mutagenesis, the need for minimal sequence
modifications emerges. Such techniques, in addition to the
desirable removal of previously introduced mini-F sequences
that are necessary for maintenance in bacteria, should result in
markerless modification or at least in modifications that will
result in the introduction of only very small sequences, such as
frt or loxP sites (59).

We here report on the generation of an infectious clone of
the intensively characterized and fully sequenced VZV strain
P-Oka, which served as the starting point for the generation of
the widely used V-Oka vaccine strain (54). The infectious BAC
was generated by utilizing previously generated cosmid clones
that were modified using the Red recombination technique
(39, 41, 64). A recently developed method that allows mark-
erless modification of cloned DNA in E. coli was used to
introduce a sequence duplication into the mini-F vector, which
results in the removal of all vector sequences upon virus re-
constitution in eukaryotic cells (55). Finally, mutants that were
unable to express the major tegument protein encoded by
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ORF9 were generated, which were unable to replicate unless
the protein was provided in trans, indicating that this major
regulatory and structural tegument protein is essential for
VZV replication.

MATERIALS AND METHODS

Viruses and cells. Wild-type P-Oka and mutant viruses were propagated and
passaged in human melanoma cells (MeWo) grown in Dulbecco’s minimal es-
sential medium or in minimal essential medium (MEM) containing 10% fetal
bovine serum (FBS) and a mixture of penicillin and streptomycin (Invitrogen).
Virus was passaged and amplified by cocultivation of infected with uninfected
cells at ratios of 1/2 to 1/5. Virus stocks were frozen down in growth media
supplemented with 8% dimethyl sulfoxide and stored in liquid nitrogen.

Construction of transfer vectors. For the construction of the mini-F transfer
vector, plasmid pUC18 was PCR amplified with primers 5'-CTTCTA GAC ACG
TGT TCG CTA CCT TAG GAC CGT TAT AGT TAC GAG TAA TCA TGG
TCA TAG CTG TTT C-3’ and 5'-TGTCTA GAA GCC GGC ACT CGA GCA
CGT GTT CGC TAC CTT AGG ACC GTT ATA GTT ACG TCA CTG GCC
GTC GTT TTA C-3', cleaved with Xbal, and religated to derive pCeu2. The
2.6-kb Sall fragment of the rightmost cosmid, pSpe23 (41), was ligated into the
Xbal site of pCeu2. The entire construct was amplified via inverse PCR using
primers 5'-AGAGCT AGC GGA TAA AAG CGT ACT GTT TTT TAT T-3’
and 5'-AGAGCT AGC CGG TGT ATG TTT TAA ATT TAT T-3', inserting an
Nhel restriction site between the poly(A) sites of ORF64 and ORF65. The
resulting plasmid was termed pCeu2.6Nhe (Fig. 1A).

To introduce an Nhel site into the mini-F vector pBeloBAC11 (New England
Biolabs) and to remove its cos and loxP sequences, the mini-F plasmid was
cleaved with Sall and the 6.4-kb fragment was ligated with the Xhol-treated
oligo-homodimer of primer 5'-AGCCTC GAG CTA GCT CGA GGC TA-3'.
The derived plasmid, pBeloNhe, was cleaved with Nhel and cloned into the Nhel
site of pCeu2.6Nhe, resulting in recombinant plasmid pBelo-P-Oka-in (Fig. 1A).

The pEP-P-Oka-DX-in transfer vector for insertion of duplicated sequences
into the mini-F plasmid was generated as follows. First, a 1.7-kb BglII-Scal-
fragment was cloned via BamHI/Smal into pCUCeu (56). The segment flanked
by Nrul and EcoRI was replaced by a PCR product (5'-TACGGA ATT CCG
GAT GAG CAT TC-3' and 5'-CCCGGG ATC CTG CAG TCG ACA CGT
GGC GCG CCT AGG TAT AAA TAC CTG TGA CGG AAG ATC AC-3") of
the equivalent sequence extended with a multiple cloning site (MCS). Then, an
aphAI-1-Scel PCR product derived from pEPkan-S using primers 5'-GGC GCG
CCG GCC AGT GTT ACA ACC AAT TAA CC-3' and 5'-TCGCGA TAA
GCT CAT GGA GCG GCG TAA CCG TCG CAC AGG AAG GAC AGA
GAT AGG GAT AAC AGG GTA ATC GAT TT-3', which included a short
duplication of pBeloBAC11 sequences, was inserted into a singular Nrul site
(55), ultimately resulting in the universal transfer vector pEPMCS-in-Belo (Fig.
1C). A 1.6-kb PCR fragment of P-Oka (primers 5'-ACTAGT GCT TCT GCG
CAC AAT GCC ACA G-3' and 5'-ACTAGT GAA CGG TAC TTC GCC GCC
GCG C-3') was cloned into BInI of the MCS to derive pEP-P-Oka-DX-in
(Fig. 2).

Red recombination. Red recombination was performed exactly as described
above, using E. coli strain EL250 harboring the respective cosmid or BAC DNA
(27, 55). All primers used for mutagenesis were polyacrylamide gel electrophore-
sis purified (Integrated DNA Technologies [IDT]). To perform en passant mu-
tagenesis, a linear DNA fragment (PCR products using pEPkan-S as a template
or a linearized plasmid) was used to introduce a cassette of aphAI, an I-Scel site,
and a short sequence duplication into the target sequence in a first step. The
resulting intermediates were selected with 30 pg/ml kanamycin and 30 pg/ml
chloramphenicol on agar plates. An I-Scel-expressing plasmid (pBAD-I-scel)
was then introduced into EL250 harboring desired cointegrates, the expression
of the homing endonuclease was induced with 0.5% arabinose, and a second Red
recombination was performed. The loss of the aphAI-I-Scel cassette was de-
tected via replica plating and restriction fragment length polymorphism (RFLP)
analysis, and the identities of the introduced mutations were confirmed by nu-
cleotide sequencing (55).

Reconstitution of recombinant VZV from cosmid DNA. Recombinant pP-Oka-
derived VZV was reconstituted by transfecting human melanoma (MeWo) cells
with pSpe23-Belo and the three other cosmid clones, pFsp73, pSpel4, and
pPme2, using a CalPhos mammalian transfection kit (Clontech) exactly as pre-
viously described (13, 41).

Generation of ORF9 mutants by en passant mutagenesis. Primers 5'-TT
TGGA TAT TTC ACG ACC CTA TCG TTT ATT TAC GTG CCG GCA TCT
TCC GAC GGT GAT AGG GAT AAC AGG GTA ATC GAT TT-3' and
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FIG. 1. Schematic of vector construction. (A) pBelo-P-Oka-in. In a first step, recombinant plasmid pCeu2 was constructed by inverse PCR and
self-ligation of pUCI1S8, modifying the MCS. The 2.6-kb Sall fragment of P-Oka was cloned into the engineered Xbal site. Another inverse
PCR/ligation step was used to insert an Nhel site close to the borders of internal repeat short (IRg) and unique short sequences. The mini-F
replicon, pBeloNhe, was linearized and cloned into the newly inserted Nhel site. (B) pSpe23-Belo. The mini-F replicon with adjoining flanks A
and B was released from plasmid pBelo-P-Oka-in by cleavage with I-Ceul and inserted into pSpe23 via Red recombination (55). Subsequently,
SuperCos sequences were removed by Ascl digestion and self-ligation. (C) pEPMCS-in-Belo. The 1.7-kb BgllI-Scal fragment of pBeloBAC11 was
cloned into pCUCeu (56). A small portion of the pBelo sequence was replaced by a PCR product to introduce an MCS. A PCR was performed
to add Nael and Nrul sites and a small sequence duplication (arrowheads) to the aphAI-1-Scel cassette. Cloning of that fragment into the Nrul
site of the MCS resulted in the en passant-ready transfer vector pEPMCS-in-Belo. The pBelo flanks used for Red recombination with pBelo-

derived BAC:s are indicated with striped bars.

5'-TTAGAG CGA CAA AGT CTG TCA CCG TCG GAA GAT GCC GGC
ACG TAA ATA AAC GAT AGG CCA GTG TTA CAA CCA ATT AAC C-3’
were used to amplify the aphAI-I-Scel cassette present in pEPkan-S. The pP-
Oka9AM mutants resulting from the en passant procedure were analyzed by
RFLP and sequencing (data not shown). Using primers 5'-TGGATA TTT CAC
GAC CCT ATC GTT TAT TTA CGT AAT GGC TAG CTC CGA CGG TGA
CAT AGG GAT AAC AGG GTA ATC GAT TT-3" and 5'-TGCATT AGA
GCG ACA AAG TCT GTC ACC GTC GGA GCT AGC CAT TAC GTA AAT
AAA CGG CCA GTG TTA CAC CAA TTA ACC-3’, a revertant clone from
pP-OkaA9M, termed pP-Oka9Mr, was generated by en passant mutagenesis as
well. The repaired ORF9 coded for the wild-type amino acid sequence but
harbored an Nhel site close to its start codon, which allowed unequivocal iden-
tification via RFLP.

Reconstitution of VZV from BAC DNA. BAC DNA for transfections was
prepared using affinity chromatography following the manufacturer’s instructions
(DNA Maxiprep system; QTAGEN). Subsequently, MeWo cells were transfected
with Lipofectamine 2000 (Invitrogen). Briefly, 1 to 4 ug BAC DNA was cotrans-
fected with 200 ng pCM V62, a plasmid which contains the VZV immediate early
(IE) gene ORF62 under the control of a cytomegalovirus (CMV) promoter (44).
The DNA-Lipofectamine solution was added into the cells in 1 ml of MEM and
incubated for 4 h. The transfection medium was then replaced with MEM-10%
FBS.

Immunofluorescence. Cells were fixed with 2% paraformaldehyde in phos-
phate-buffered saline (PBS), permeabilized with 0.1% saponin, and blocked with
10% neonatal calf serum in PBS. Primary antibodies, monoclonal anti-ORF62

antibody (Chemicon), monoclonal anti-gB antibody (US Biological), and ORF-9
polyclonal antibody (6) (a kind gift of William Ruyechan, SUNY Buffalo, NY),
were each diluted 1:500 in PBS containing 10% neonatal calf serum and 0.02%
sodium azide. Secondary antibodies, including Alexa 568-conjugated goat anti-
rabbit and Alexa 488-conjugated goat anti-mouse antibodies, were diluted
1:1,000 in PBS. Samples were examined under a fluorescence microscope and
photographed with a digital camera (Zeiss Axiovert 25 and Axiocam).

Multistep growth kinetics. The multistep growth kinetics of P-Oka-, rP-Oka-,
rP-Oka9AM-, and rP-Oka9Mr-derived viruses were determined by inoculating
1 X 10° MeWo cells with 100 PFU of cell-associated virus. Infected cells were
trypsinized on days 1, 2, 3, 4, and 5 and titrated by cocultivation of 10-fold
dilutions of trypsinized cells with fresh MeWo cells. Five days after coseeding,
viral plaques were stained by indirect immunofluorescence using anti-gB anti-
bodies (US Biological) and counted, exactly as described elsewhere (56). All titer
determinations were done in triplicate.

Generation of recombinant baculoviruses expressing ORF9. A shuttle plasmid
for the generation of recombinant baculoviruses by Tn7 transposition was gen-
erated as described previously (9). Briefly, the polyhedron promoter of the
shuttle plasmid pFastBacl (Invitrogen) was removed by digestion with SnaBI
and Hpal and replaced with a 3.1-kb Nrul-Bst1107I fragment from pcDNA3,
which contains the human CMV (HCMV)-IE promoter/enhancer, the MCS, and
the polyadenylation signal followed by the simian virus 40 promoter-neomycin
phosphotransferase II expression cassette. The resulting plasmid was named
pFastM. ORF9 was inserted into the MCS of pFastM using BamHI and Xhol
restriction sites, resulting in the recombinant plasmid pFastMORF9.
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FIG. 2. Insertion and self-excision of mini-F replicon. Schematic of the insertion of pBelo sequences between ORF64 and ORF65. A 1.6-kb
sequence of P-Oka was inserted between the bacterial origin of replication (Orig) and cat to create an inverse duplication of VZV sequences
adjoining the mini-F replicon. The orange-red gradient bar indicates such duplicate sequences and their orientation. Dot-and-dash lines indicate
recombination events of identical sequences (same-colored bars) for a first Red recombination and of short duplications (red arrow) for the
removal of the kanamycin resistance gene aphAI. The BAC with duplicated sequences was termed pP-Oka-DX and maintained in E. coli under
steady chloramphenicol selection. Upon transfection of MeWo cells, two anti-parallel recombination events (orange and red dot-and-dash lines)
released mini-F sequences and resulted in rP-Oka-F~. Primers P1 (5'-TTAACT CAG TTT CAA TAC GGT GCA G-3') and P2 (5'-TGGGGT
TTC TTC TCA GGC TAT C-3") were used to screen for the presence of mini-F sequences, and P3 (5'-AGGCAT TTC AGT CAG TTG CTC-3")
and P4 (5'-TGCCAC TCA TCG CAG TAC TG-3") were used to screen for the presence of cat. The loss of the pBelo insert was detected by
utilizing primers P5 (5'-ATTGGA AGC GAC GTC GAC AC-3") and P6 (5'-TGTAAC GCG CGT AAT ACA GAT CG-3"). TR, terminal repeat
long; Uy, unique long; IR, internal repeat long; IRg, internal repeat short; Ug, unique short; TR, terminal repeat short.

The expression cassette of pFastMORF9 was incorporated into the baculovirus
genome by using Tn7 site-specific transposition according to the manufacturer’s
instructions with the Bac-to-Bac expression system (Invitrogen). The resulting
bacmid DNA was purified and transfected into Sf9 cells using Cellfectin (In-
vitrogen). After incubation at 27°C for 4 days, the resulting recombinant bacu-
lovirus, BLMORF9, was propagated in Sf9 cells and viral titers were determined in
a conventional plaque assay using neutral red agarose overlays (9). One milliliter
of bMORF9-containing supernatant was used for infection of MeWo cells seeded
in six-well-plates (25 PFU/cell). Incubation was allowed for 30 min at room
temperature, the cells were centrifuged for 5 min at 200 X g, and finally, 10 mM
butyrate was added to the cells to facilitate transgene expression (9). After 4 h of
incubation, cells were washed and 2 ml of Dulbecco’s minimal essential medium—
10% FBS was applied.

RESULTS

Generation of an infectious P-Oka BAC clone. The genera-
tion of the P-Oka BAC was based on overlapping cosmid clones
that had been established earlier (41). Mini-F vector sequences
were inserted into one of the P-Oka cosmids via Red recombi-
nation. Briefly, the pSpe23 cosmid was electroporated into E. coli
strain EL250 (27) and the recombinant plasmid pBelo-P-Oka-in
(Fig. 1B) was linearized with I-Ceul. The 9.4-kbp fragment con-
taining linear mini-F sequence and sequences flanking the junc-

tion between the VZV internal repeat short and unique short was
electroporated into recombination-competent EL250 harboring
pSpe23 (27, 55). Chloramphenicol-resistant bacteria were se-
lected and screened by RFLP analyses for correct insertion of the
pBeloBAC sequences into the rightmost P-Oka cosmid (data not
shown). The derived construct, pSpe23-Belo-Cos, was cleaved
with Ascl to remove the SuperCos sequences and religated, re-
sulting in pSpe23-Belo (Fig. 1B). The generated mini-F clone,
which now was located within the rightmost P-Oka sequences,
was transfected with the other overlapping cosmid clones to re-
constitute a P-Oka virus mutant with the mini-F insertion. Total
cellular and viral DNA isolated from MeWo cells infected with
the P-Oka-BAC virus was cleaved with the enzymes Ascl, which
is unable to cleave P-Oka-BAC sequences, and \ exonuclease to
digest cellular DNA. The remaining P-Oka-BAC DNA (pP-Oka)
was precipitated and electroporated into EL250 cells. Bacteria
containing the full-length VZV genome were selected with chlor-
amphenicol and screened by RFLP analysis (Fig. 3A).
Reconstitution and characterization of recombinant pP-
Oka-derived VZV. In order to demonstrate that the insertion
of the mini-F sequence in the VZV genome did not have a
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FIG. 3. (A) Southern blot of P-Oka, pP-Oka, pP-Oka-DX, and
rP-Oka-F~. BAC DNA was prepared from E. coli harboring pP-Oka
or pP-Oka-DX. MeWo cells were infected with the parental virus
P-Oka or with the recombinant rP-Oka-F~ and harvested when >80%
infected, and total DNA was prepared. BAC DNA (10 pg) or viral
DNA (20 pg) was digested with BamHI or Ncol, separated on a 1%
agarose gel, and transferred to a nylon membrane. VZV BAC-specific
bands were detected using random digoxigenin-labeled (DIG DNA
labeling kit; Roche), sonicated pP-Oka DNA. (B) rP-Oka has growth
kinetics that are very similar to those of wild-type P-Oka. Multistep
growth kinetics of P-Oka and rP-Oka were determined using MeWo
cells. Means and standard deviations of the results of three indepen-
dent experiments are given.

pfu
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detrimental effect on viral replication in vitro, recombinant
rP-Oka was reconstituted from the full-length infectious clone
(pP-Oka) and growth kinetics were determined. Human mel-
anoma cells (MeWo) were transfected with pP-Oka clones by
lipofection. The efficiency was increased by cotransfection with
the pCMV62 plasmid (44). Transfected cells were analyzed by
immunofluorescence microscopy to detect plaque formation as
early as 4 days posttransfection. The determination of the
multistep growth kinetics revealed that BAC-derived rP-Oka
exhibited growth properties that were virtually identical to
those of the parental, wild-type P-Oka virus (Fig. 3B). There-
fore, neither the increased size of the viral genome nor the
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insertion of the mini-F sequences into the chosen genomic
locus had measurable effects on viral replication.

Self-excision of mini-F sequences upon rP-Oka reconstitu-
tion. Mini-F sequences of pP-Oka were removed by employing
a stabilized inverse sequence duplication. The self-excision is
based on the duplication within the mini-F of a VZV sequence
that is present adjacent to the mini-F insertion site. The du-
plication was introduced between the origin of replication and
the antibiotic resistance gene (Fig. 2) by first constructing an
en passant-ready transfer construct, pEP-P-Oka-DX-in from
pEPMCS-in-Belo (43, 55) (Fig. 1C). A 4.5-kb I-Ceul fragment
was used to insert the 1.6-kb sequence duplication into mini-F
sequences of pP-Oka via en passant mutagenesis in inverse
orientation. The resulting BAC, pP-Oka-DX, was maintained
in E. coli by standard chloramphenicol selection. The loss of
vector sequences in E. coli through intramolecular recombina-
tion is prevented by the inverse orientation of the internal
sequence duplication and its placement between the chloram-
phenicol resistance gene cat and the mini-F origin Orig (data
not shown). Also, recombination of the duplication and iden-
tical sequences present in the terminal repeat short would
separate the resistance gene and the mini-F replicon, which
would be lethal to the bacteria. Consequently, pP-Oka-DX was
stable in E. coli due to the constant selective pressure for
plasmid replication and chloramphenicol resistance.

After stable maintenance of pP-Oka-DX was established in
E. coli, MeWo cells were transfected with pP-Oka-DX. Since
there is no positive selection for maintenance of the mini-F
replicon or chloramphenicol resistance in eukaryotic cells,
intra- and intermolecular recombination leading to the re-
moval of the chloramphenicol resistance gene, the mini-F rep-
licon, and the duplicated sequences can take place. Reconsti-
tuted rP-Oka-F~ virus reconstituted from the pP-Oka-DX
BAC was passaged and harvested for DNA preparation, and
the loss of the mini-F sequences was confirmed via PCR and
sequencing (Fig. 2 and 4). After the first passage of rP-Oka-F,
the absence of the pBeloBAC cassette was observed for the
majority of genomes, but a small fraction of viral genomes still
harbored cat or the mini-F replicon until passage four. The
rP-Oka-F~ genome was also analyzed via Southern blot anal-
ysis, and its restriction enzyme pattern was indistinguishable
from that of P-Oka DNA (Fig. 3A).

Characterization of an ORF9-deficient VZV mutant. To cre-
ate a P-Oka mutant unable to express the ORF9 protein, the
start codon of the corresponding open reading frame (ORF9)
was inactivated by markerless en passant mutagenesis (55). A
revertant was also generated in which the start codon was
repaired and an Nhel site was introduced to allow unequivocal
identification of the revertant (Fig. SA). MeWo cells were
transfected with pP-Oka DNA, DNA of the start codon mutant
pP-Oka9AM, or the revertant pP-Oka9Mr to reconstitute the
respective recombinant viruses (rP-Oka, rP-Oka9AM, and rP-
Oka9Mr). Upon reconstitution, rP-Oka9AM exhibited drasti-
cally decreased plaque sizes in comparison to those of parental
rP-Oka and the revertant virus pP-Oka9Mr (Fig. 6A). Immu-
nofluorescence analysis using ORF9-specific polyclonal anti-
bodies revealed that, as expected, rP-Oka9AM does not ex-
press ORF9 (Fig. 6A, upper panel) (6). On the other hand,
ORF62 could be readily detected in the parental, the ORF9
deletion, and the revertant virus (Fig. 6A, lower panel). In
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FIG. 4. PCR analysis of mini-F self-excision upon transfection.
MeWo cells were transfected with pP-Oka-DX. Reconstituted virus
was passaged by mixing infected and uninfected cells at a ratio of 1 to
5. DNA from virus passages was used to perform a PCR with primers
P1 and P2 (top panel) or P3 and P4 (middle panel) to detect remaining
pBelo sequences in viruses reconstituted from pP-Oka-DX. Primers P5
and P6 were used to show the restoration of the P-Oka wild-type
genomic organization in rP-Oka-F~ (see also Fig. 2). pP-Oka-DX
DNA isolated from E. coli, as well as total DNA of MeWo cells
infected with P-Oka or uninfected MeWo cells, were used as controls.
Mini-F sequences are not detectable after five passages, and in a
significant portion of reconstituted virus, the pBelo insert is lost im-
mediately upon transfection. Primer sequences are given in the Fig. 2
legend. Numbers to the left indicate molecular size in base pairs.

order to confirm the dramatic growth defect of rP-Oka9AM,
the multistep growth kinetics were determined. In contrast to
rP-Oka9AM, whose growth curve stayed flat, the rP-Oka9Mr
revertant virus, in which the start codon of ORF9 had been
repaired, grew with kinetics that were virtually indistinguish-
able from those of wild-type P-Oka and the parental rP-Oka
virus (Fig. 5B). Since rP-Oka9AM showed no replication
that would be sufficient for virus propagation leading to self-
excision of mini-F sequences, the characterization of ORF9
was performed using recombinant viruses still harboring
pBeloBAC sequences.

To confirm that the impaired growth was due only to the
lack of ORF9 expression, we used baculovirus-mediated gene
delivery to complement the growth of rP-Oka9AM. Baculovi-
ruses have been shown to be an effective vehicle for the intro-
duction of DNA sequences into mammalian cells since they
neither replicate nor cause cytopathic effects (24). MeWo cells
were transfected with pP-Oka9AM DNA and infected at 1, 2,
3, 4, or 5 days posttransfection with a recombinant baculovirus
expressing ORF9 under the control of the HCMV-IE pro-
moter. After BAC transfection and baculovirus infection, the
cells were analyzed via immunofluorescence using anti-gB and
anti-ORF9Y antibodies at day 7 posttransfection (6). The trans-
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FIG. 5. Growth properties of an ORF9-negative VZV. (A) Genomic
region of VZV ORF9 with a focus on the amino-terminal sequence of
ORF9 is shown. The original nucleotide (light font) and amino acid se-
quences (bold black font) are given, as are the mutations introduced in
pP-Oka9AM and its revertant (bold red font). Grey arrows, open reading
frames; vertical red lines, polyadenylation signals; B, BamHI restriction
sites; red underlined font, resulting restriction sites. (B) Multistep growth
kinetics of rP-Oka, rP-Oka9AM, and rP-Oka9AM.. Kinetics determina-
tions were performed in triplicate, and means and standard deviations
(error bars) of the results are given. TR, terminal repeat long; Uy,
unique long; IR, internal repeat long; IRg, internal repeat short; Ug,
unique short; TRg, terminal repeat short; aa, amino acids.

10
0

complementation via baculoviruses at days 1, 2, and 3 post-
transfection resulted in replication and, consequently, signifi-
cantly increased plaque sizes of rP-Oka9AM (Fig. 6B).

DISCUSSION

In this study, we demonstrated that the generation of a
full-length BAC directly from overlapping cosmid clones is
possible. We showed that Red mutagenesis could prove an
efficient means to transfer a second bacterial origin of replica-
tion, here the mini-F replicon, into a preexisting cosmid clone.
Having the BAC cassette within viral sequences ahead of virus
reconstitution from the cosmids produces VZV BAC genomes
without the need for (mostly inefficient) selection in cell cul-
ture. Furthermore, the removal of contaminating cellular chro-
mosomal DNA from BAC DNA using restriction enzyme
cleavage and \ exonuclease digestion before electroporation of
the infectious VZV genome into E. coli was found to be vastly
more efficient than standard methods of DNA preparation (33,
49). The strategy as described here, therefore, has the potential
to be widely applicable for the cloning of herpesvirus genomes
from already established cosmid clone systems, particularly
with regard to highly cell-associated viruses.

Whenever bacterial sequences are used to manipulate viral
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FIG. 6. Immunofluorescence analysis and frans-complementation
via baculovirus-mediated gene transfer. (A) Plaque analysis of rP-Oka,
rP-Oka9AM, and rP-Oka9Mr. Plaques were analyzed by indirect im-
munofluorescence using anti-ORF9 polyclonal (6) and anti-ORF62
monoclonal (Chemicon, United States) antibodies at day 7 posttrans-
fection. (B) Plaque analysis of rP-Oka, rP-Oka9AM, and rP-Oka9AM
rescued with baculovirus gene delivery (right panel) at day 2 posttrans-
fection. Plaques were analyzed via indirect immunofluorescence using
anti-gB monoclonal antibody (US Scientific) at day 7 posttransfection.
Scale bars are given in individual panels.

genomes, the overall effect of introduced, foreign sequence
scars, like the mini-F cassette itself, for viral replication is not
predictable. The newly developed system applying an inversely
oriented sequence duplication between the selection marker
(antibiotic resistance gene) and the bacterial replicon allows
stable maintenance of the herpesviral genome in E. coli. It also
presents an in-cis tool to remove the mini-F cassette upon
transfection. In the particular case described here, four pas-
sages in cultured cells were required to completely remove
mini-F sequences from recombinant genomes as assayed by
PCR. The highly cell-associated nature and slow replication
kinetics of VZV, which could account for polyclonal growth of
VZV within the same infected cell, could be one possible
explanation for the maintenance of a few mini-F-containing
genomes in the first few cell culture passages. In addition, the
lack of a growth advantage of recombinant virus devoid of
mini-F sequences (rP-Oka-F ) over viruses still carrying vector
(rP-Oka-DX) could also contribute to the detection of mini-F
sequences until passage four. Placing mini-F sequences within
a gene that is essential for virus replication or using the devel-
oped methodology in faster-replicating viruses producing cell-
free infectivity would increase the efficiency of self-excision of
vector sequences (F. Wussow and B. K. Tischer, unpublished
data). The combination of the VZV-BAC clone at hand, the
established techniques to perform markerless mutagenesis in
E. coli, and the construction of a self-excisable BAC allows the
creation of clonal virus progeny with minimal sequence mod-
ification.

Similar to the situation with MDYV, the generation of the
full-length P-Oka BAC clone from the already-established sys-

J. VIROL.

tem of overlapping cosmid clones allowed us to address genes
that likely were crucial for VZV growth in cell culture. We
were able to characterize the role of ORF9 in VZV replication.
Immunofluorescence analyses of rP-Oka9AM with an ORF9-
specific monoclonal antibody showed the lack of ORF9 pro-
duction in infected cells, which were, however, reactive with an
anti-ORF62 antibody. The repair of the ORF9 start codon
restored ORFY9 expression, as well as virus growth in cell cul-
ture, to levels observed with the parental virus (Fig. 6A).
Complementation via baculovirus-mediated gene delivery was
also able to rescue productive viral replication. These results
clearly demonstrated that ORF9 is essential for the productive
replication of VZV in cell culture, as is the case for MDV but
unlike the situation with related human or animal alphaher-
pesviruses (14, 17, 18, 28). That supports the theory that highly
cell-associated alphaherpesviruses mainly utilize the ULA49-
gE/gl pathway to spread from cell to cell, whereas the loss of
the UL49 homologue in herpesviruses that produce cell-free
virions is less crucial for virus propagation. The characteriza-
tion of UL49-negative mutants of less cell-associated viruses
allows the analysis of other, nonstructural functions of that
tegument protein as well (51, 62), while with VZV and MDYV,
such a detailed characterization would required a very detailed
dissection of respective functional domains. In addition, the
highly cell-associated nature of VZV makes it virtually impos-
sible to work with phenotypically rescued mutant viruses
because such viruses cannot be purified from, e.g., frans-com-
plementing cells.

Complementation of rP-Oka9AM with the baculovirus ex-
pression system, however, was able to restore virus growth and
to significantly increase plaque sizes, albeit not to the levels of
wild-type or revertant viruses. One explanation for the failure
to completely restore VZV growth is that baculovirus-medi-
ated gene expression decreases with time; therefore, the
amounts of ORF9 produced may not be sufficient at the end of
the experiment. Another reason might be that relatively low
doses of recombinant baculovirus (multiplicity of infection, 25)
were used, which resulted in the absence of ORF9 expression
in a subset of cells and could limit the availability of ORF9 for
replication of rP-Oka9AM. A low multiplicity of infection was
chosen to prevent the overexpression of ORF9, which has been
shown to lead to cytotoxic effects and likely is one of the
reasons for the failure to generate permanent cell lines (B. B.
Kaufer, B. K. Tischer, and N. Osterrieder, unpublished obser-
vations). Another explanation might be that ORF9 expression
is controlled by the strong HCMV-IE promoter. This promoter
is constitutively active, and transgene expression, therefore,
cannot be modulated during the course of infection by virus-
encoded transcription factors as is the case during regular
VZV infection. Constant, not synchronized, high-level expres-
sion of ORF9 may be detrimental to virus replication, as has
been suggested by the MDV system (16, 17).

In summary, we have generated an infectious herpesvirus
(VZV) BAC clone from overlapping pieces of cloned viral
DNA. Advances in focused and minimal sequence modifica-
tion in bacteria allowed the characterization of the essential
nature of ORF9 of the highly cell-associated herpesvirus VZV
for in vitro replication. The established methodology is likely
applicable to many other (herpes)viruses and has the advan-
tages that the initial cloning step is independent of virus rep-



VoL. 81, 2007

lication and that no selective pressure is applied because cos-
mid clones are usually derived from viral DNA packaged in
nucleocapsids. Employing an inverse sequence duplication in
the infectious BAC for cis recombination allowed scarless self-
excision of the mini-F replicon, which not only is important for
the generation of viruses and mutants free of foreign se-
quences but also represents an important step forward with
respect to the recombineering of viral sequences in eukaryotic
cells. In addition, since cosmid and mini-F plasmid origins of
replication can be maintained in one and the same bacterial
cell, as demonstrated here, the successive assembly of a full-
length viral mini-F clone from overlapping cosmid clones in
bacteria by applying Red recombination seems feasible and is
currently being attempted. Viral genome assembly would avoid
a eukaryotic stage in the generation of an infectious clone
obtained without applying any positive or negative selection on
the viral genomes.
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