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Experiments were conducted to investigate the roles of Marek’s disease virus serotype 1 (MDV-1) major
tegument proteins VP11/12, VP13/14, VP16, and VP22 in viral growth in cultured cells. Based on a bacterial
artificial chromosome clone of MDV-1 (BAC20), mutant viruses were constructed in which the MDV-1
homologs of UL46, UL47, UL48, or UL49 were deleted alone and in various combinations. It could be
demonstrated that the UL46, UL47, and UL48 genes are dispensable for MDV-1 growth in chicken embryonic
skin and quail muscle QM7 cells, although the generated virus mutants exhibited reduced plaque sizes in all
cell types investigated. In contrast, a UL49-negative MDV-1 (20A49) and a UL48-UL49 (20A48—-49) doubly
negative mutant were not able to produce MDV-1-specific plaques on either cell type. It was confirmed that this
growth restriction is dependent on the absence of VP22 expression, because growth of these mutant viruses
could be partially restored on cells that were cotransfected with a UL49 expression plasmid. In addition, we
were able to demonstrate that cell-to-cell spread of MDV-1 conferred by VP22 is dependent on the expression
of amino acids 37 to 187 of MDV-1 VP22, because expression plasmids containing MDV-1 UL49 mutant genes
with deletions of amino acids 1 to 37 or 188 to 250 were still able to restore partial growth of the 20A49 and
20A48-49 viruses. These results demonstrate for the first time that an alphaherpesvirus UL49-homologous

gene is essential for virus growth in cell culture.

Marek’s disease virus serotype 1 (MDV-1) is a chicken her-
pesvirus which causes a variety of syndromes, including gener-
alized immunosuppression, acute neuronal symptoms and pa-
ralysis, T-cell lymphomas, and, rarely, atherosclerosis in its
natural host (3). MDV-1 has been classified as an alphaher-
pesvirus on the basis of its genomic structure and sequence
homology to other Herpesviridae (2, 5, 17, 37).

The prototype alphaherpesvirus, herpes simplex virus type 1
(HSV-1), is composed of four structural elements, a core con-
taining the double-stranded DNA genome, an icosahedral cap-
sid harboring the core, a proteinaceous layer, the tegument,
which immediately surrounds the capsid, and an envelope con-
taining viral membrane (glyco)proteins (35). The role of her-
pesvirus tegument proteins is twofold, structural and regula-
tory. Four of the known 15 HSV-1 tegument polypeptides are
major virion components (VP1/2, VP13/14, VP16, and VP22,
encoded by UL36, UL47, UL48, and ULA49, respectively) (14,
35), and VP16 and VP22 were shown to form the tegument
body (10).

These proteins have been assigned an important role in the
formation of the virion by interacting both with capsid proteins
and the envelope membrane proteins (36, 39). Furthermore,
VP1/2 and VP16 were shown to play a central role in virus
egress and the formation of mature virions, because deletion of
these genes resulted in the absence of infectious extracellular
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virions (8, 22, 40). Tegument proteins have also been assigned
regulatory functions in the viral life cycle, and they are deliv-
ered to the cytoplasm and nuclei of infected cells, where they
may interact with cellular proteins to initiate viral replication
(4). Indeed, HSV-1 VP16, through the formation of a complex
with the transcriptional factors HCF and Oct-1, transactivates
the five immediate-early genes, resulting in the expression of
the viral proteins in a cascade-like fashion (4).

HSV-1 VP11/12, VP13/14, and VP22 have been reported to
modulate the transactivating function of VP16 in virus-infected
cells (10, 19, 43). Tegument also contains proteins having var-
ious functions, such as kinase activity (26), shutoff of host
protein synthesis (12), interaction with ribosomes (30), and
DNA packaging (31).

Homologs of HSV-1 UL46, UL47, UL48, and UL49 have
been identified in the genomes of all three known MDYV sero-
types (MDV-1, MDV-2, and herpesvirus of turkeys [HVT]),
and the four MDV-1 genes are located colinearly to their
HSV-1 counterparts (1, 15, 41). Despite these similarities in
genomic organization between HSV-1 and MDV-1, differences
in the transcriptional organization between these two alpha-
herpesviruses have been reported, because no monocistronic
UL48 mRNA was detected in the case of MDV-1. We reported
recently that the MDV-1 VP16 protein could hardly be de-
tected in infected chicken embryonic skin cells (CESC), al-
though a bicistronic mRNA corresponding to the UL49-48
genes was found to direct the synthesis of VP22 and VP16 in
both in vitro and in vivo expression systems (9).

MDV-1 VP22 is abundantly expressed in CESC, with a
mainly nuclear localization pattern. MDV-1 VP22 is a DNA-
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TABLE 1. Primers used to delete MDV-1 genes and to generate pGEM-T48-49.5¢

Primer Sequence Description

BACdel49f GCCACACGGTACAATAGAAGGTGCACTTGTTCATATCTTACTGTTTAATACGATTT Kan® gene for UL49 and UL49-48
ATTCAACAAAGCCACG deletions

BACdel49r GTCTATAAAAGACGACTTACTTGCAGTAGTAGGGCTGTTCCTATGTTACAGCCAGT Kan" gene for UL49 deletion
GTTACAACCAATTAACC

BACdel48f CTACTACTGCAAGTAAGTCGTCTTTTATAGACATCCGAATTAAAAACTAGCGATTT Kan® gene for UL48 and UL48-46
ATTCAACAAAGCCACG deletions

BACdel48r TATAGTTTCGTTCTGCCAACTCACCATCATACTAATAGACAAATACCTCCGCCAGT Kan® gene for UL48 and UL49-48
GTTACAACCAATTAACC deletions

BACdel47f ACATTATAAAACGGCGTAGTTTTGATAACAGTATGCTGGTAGCACATTCCCGATTT Kan" gene for UL47 deletion
ATTCAACAAAGCCACG

BACdel47r CCCGGTTTTAAACATGTACCACTCTTAAATGCCATTATTCTACATCCGGAGCCAGT Kan" gene for UL47 deletion
GTTACAACCAATTAACC

BACdel46f CCTGTACTATATTTCAGTTTTCTCTGTAGTGTGTCCATCCATATGGGTTACGATTTA Kan" gene for UL46 deletion
TTCAACAAAGCCACG

BACdel46r TGAAAGGGTATACATGTTTGGGACAAATCGTTACGCTAAAGATAAAAACAGCCAG Kan" gene for UL46 deletion
TGTTACAACCAATTAACC

BACdel46r2 GGGACAAATCGTTACGCTAAAGATAAAAACATATATGTTTGAACATAGTAGCCAG Kan" gene for UL48-46 deletion
TGTTACAACCAATTAACC

Kanl CCTGATATGAATAAATTGC Sequence of recombination site in

deleted BACs

Kan2 GTGCAATGTAACATCAGAG

ULA49,5F GGATCCGAATTCATGGGACTCATGGACA Obtaining of UL48-49.5 sequence

UL48R GTCGACTGCAGGTTATAAAGTACTGATGGTAGTGGC

“ For the BAC primers, bold sequences, homologous to the pACYC177 vector sequences, were used to amplify the Kan" gene, and underlined sequences are
homologous to sequences bordering the UL46, UL47, UL48, or UL49 gene. For primers UL49.5F and UL48R, used to generate the UL48-49.5 sequence, the bold and

underlined sequences indicate restriction enzyme sites.

binding protein which is able to be imported into recipient
cells, similar to its HSV-1 counterpart (11). By analyzing trun-
cated versions of VP22, the region responsible for the DNA-
binding activity was located between amino acids 16 and 37 in
the N-terminal part of the protein, and it was hypothesized that
the intercellular transport is determined by the central portion
of the protein located between amino acids 93 and 173 (9, 25).

In order to elucidate the function of the major MDV-1
tegument proteins VP11/12, VP13/14, VP16, and VP22, virus
mutants carrying deletions of the UL46, UL47, ULA48, and
ULA49 as well as a double (UL48-49) and a triple deletion
mutant (UL46-48) were constructed using the recently devel-
oped MDV-1 bacterial artificial chromosome (BAC) system
(32).

We were able to demonstrate that the MDV-1 VP22 protein
encoded by ULA9 is indispensable for virus growth, whereas
VP11/12, VP13/14, and VP16 are nonessential, although the
respective virus mutants exhibited significant impairments in
virus growth properties on primary chicken embryonic skin and
quail QM7 cells.

(Part of this work was included in the Ph.D. thesis of F.
Dorange, University of Tours, Tours, France.)

MATERIALS AND METHODS

Viruses and cells. Chicken embryonic skin cells (CESC) were obtained as
previously described (33) with slight modifications (9). Quail muscle cells QM7
(ATCC CRL-1962), which have been shown to support growth of MDV-1 (32),
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum (FCS).

BAC20, the bacterial artificial chromosome vector described earlier (32), was
used to obtain all mutant viruses. BAC20 contains the complete genome of the
attenuated MDV-1 strain 584Ap80C, in which BAC vector sequences (released
from plasmid pHA1 [20]) were introduced into the Ug2 locus by homologous
recombination (32).

Construction of mutant BAC clones. Mutagenesis of MDV-1 BAC20 was
performed essentially as described (32). Escherichia coli DH10B cells harboring
the BAC20 DNA and the pGETrec vector containing the recE, recT, and bac-

teriophage \ gam gene under the control of the arabinose promoter (23) were
induced by addition of arabinose (final concentration of 0.4%) and prepared for
electroporation.

The mutagenesis strategy was to replace the targeted gene with the kanamy-
cin resistance (Kan") gene by homologous recombination. The Kan" gene of
pACYC177 (6) was amplified by PCR using PCR primers of 70 nucleotides in
length that contained 50-nucleotide homology arms at their 5’ ends and 20
nucleotides at their 3" ends for amplification of the Kan" gene. The PCR primers,
selected on the basis of the published sequence of the MDV-1 strain Md5, are
given in Table 1. pGETrec-containing BAC20 cells were electroporated with the
various PCR fragments and plated on LB agar containing 50 pg of kanamycin
per ml of agar.

DNA analyses. DNA from kanamycin-resistant colonies was prepared, di-
gested with restriction endonuclease HindlIll, and analyzed by agarose gel elec-
trophoresis. DNA from clones exhibiting the predicted restriction profiles was
used to transform electrocompetent DH10B or Top10 (Invitrogen) cells, in order
to remove the pGETrec vector (23). Mutant BAC DNA was isolated again,
digested with HindlIII, and separated by 0.8% agarose gel electrophoresis, and
DNA fragments were transferred to a positively charged nylon membrane (Am-
bion). Southern blot hybridization was performed using standard procedures and
a nonradioactive detection kit (ECL direct nucleic acid labeling and detection
system; Amersham-Pharmacia Biotech). Gene-specific DNA probes for UL46,
ULA7, ULA4S, UL49, and Kan" were obtained from existing pGEM-T plasmids
(9) or from plasmid pACYC177.

Nucleotide sequencing of the recombination sites was performed using prim-
ers Kanl and Kan2 (Table 1) on a Perkin Elmer automatic sequencer according
to the supplier’s instructions.

Construction of plasmids. The recombinant plasmids pGEM-T ULA49N1,
pGEM-T UL49N2, and pGEM-T UL49%-48 were described earlier (9). The
mutant genes contained within these plasmids encode the MDV-1 proteins
VP22N1, VP22N2, and VP22MS, respectively. VP22N1 lacks amino acids 1 to
15, VP22N2 lacks amino acids 1 to 37, and VP22MS lacks amino acids 188 to 250
of VP22. The mutant UL49 genes contained in these clones were released from
the pGEM-T vectors and cloned under the control of the human cytomegalovirus
immediate-early promoter in the pcDNA3 vector (Invitrogen) to obtain recom-
binant expression plasmids pUL49N1, pUL49N2, and pUL49°-48.

The region encompassing the UL48 to UL49.5 sequence of MDV-1 strain
RBI1B was amplified by PCR and cloned in the T-tailed vector pGEM-T (Pro-
mega). Primers were selected on the basis of the published sequence of the
MDV-1 GA strain (Table 1) (41). The resulting plasmid was termed pGEM-
T48-49.5 and used for the generation of a ULA49 rescuant virus.
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DNA transfections. One microgram of BAC20 or mutant BAC20 DNA was
transfected into either CESC or QM7 cells using the calcium phosphate precip-
itation method (21). frans-Complementation of the deleted genes in mutant
BAC20 clones was achieved by cotransfection of 1 X 10> QM7 cells seeded in
24-well plates with 1 pg of pcDNA3 vector carrying the complementary gene for
the respective deficient virus together with the mutant BAC20 genome.

Construction of QM7 cell lines expressing full-length or truncated VP22. In
order to obtain QM7 cell lines expressing either full-length or truncated VP22
(VP22N1 and VP22N2, respectively), plasmids pUL49, pUL49N1, pUL49N2,
and pT+ (pcDNAS3 for generation of a control cell line) harboring the neomycin
resistance gene were transfected into cells by using the Lipofectin reagent
(Gibco-BRL). Recombinant QM7 cell lines were selected in the presence of 0.8
mg of geneticin (G418) per ml. Cell lines expressing VP22MS were obtained by
transfecting plasmids pTKhyg (harboring the hygromycin resistance gene) and
pULA49°-48 at a ratio of 0.25 pg of pTKhyg per 10 pg of pUL49°-48 and subse-
quent selection in the presence of 0.2 mg/ml of hygromycin. VP22-, VP22NI1-,
VP22N2-, and VP22MS-expressing clones were identified by using anti-VP22
monoclonal antibody (AcMo) (9) and were grown in the presence of 0.4 mg of
G418 per ml.

Virus growth curves. Virus growth curves were determined as described (27).
Briefly, 2 X 10° CESC were infected with approximately 100 PFU of BAC20 or
mutant viruses. At 0, 6, 16, 24, 48, 72, 96, 120, 144, and 168 h postinfection (p.i.),
infected cells were harvested and titrated on fresh CESC. The PFU-per-plaque
yield was calculated by dividing the number of plaques obtained after trypsiniza-
tion by the number of plaques at day 0 (approximately 100).

MAbs and IIF analyses. Monoclonal antibodies (MAbs) were raised against
baculovirus-expressed VPS5 (major capsid protein, [17, 24]) and VP11/12 and
VP13/14 (F. Dorange and J.-F. Vautherot, unpublished data) by using a protocol
described earlier (9, 38). The antibodies were termed F19 (anti-VP5), J3 (anti-
VP11/12), and L13B (anti-VP13/14).

Infected or transfected cell monolayers were fixed and permeabilized at 4 or 5
days p.i. (or posttransfection) by addition of ethanol-acetone (75:25) at —20°C
for 30 min, and indirect immunofluorescence (IIF) was performed as previously
described (9), except that Oregon Green 488-labeled anti-VP5 MAb F19 and
Texas Red-X labeled anti-VP22 MAb D18 (9) were used for colocalization
studies.

To perform double immunostaining, MAbs were purified on protein A col-
umns (Immunopure Plus immobilized protein A IgG purification kit; Pierce) and
conjugated to Oregon Green or Texas Red-X by using the FluoReporter Oregon
Green 488 or Texas Red-X protein labeling kits (Molecular Probes).

RESULTS

Construction of MDV-1 mutant viruses. In the BAC20
genome, the UL46 to UL49 genes are present on a 24-kbp
HindIlI fragment (Fig. 1A). In mutant BAC20 clones, inser-
tion of the Kan" gene by homologous recombination within this
fragment introduced an additional HindIII restriction site, di-
viding the 24-kbp fragment into two smaller fragments (Fig.
1C).

In an ethidium bromide-stained agarose gel (Fig. 2A), a
double band was visualized in digested BAC20 DNA (arrow-
head) which corresponds to the 24- and 26-kbp HindIII frag-
ments present in the BAC20 genome (Fig. 1A). In mutant
BAC20 DNA, the 24-kbp fragment disappeared, and two
smaller fragments were clearly visible (Fig. 2A, asterisks).

Separated DNA fragments were transferred to a nylon
membrane, and hybridizations were carried out using Kan" or
gene-specific probes (Fig. 2B). As expected, the Kan'-specific
probe detected two fragments in DNA of all mutant BAC20
clones and did not hybridize with BAC20 DNA (Fig. 2B).
These fragments exhibited the calculated sizes after introduc-
tion of the Kan" gene. The gene-specific probes detected a
single fragment of the calculated size in all mutant BAC20
clones except for the clone in which the respective gene(s) had
been deleted, confirming the deletion of the gene(s) of interest
in the individual mutant BAC20 clones. In all cases, the gene-
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specific probes detected the 24-kbp HindIIl fragment of
BAC20 (Fig. 2B). In addition, determination of the nucleotide
sequences of the recombination sites in all mutant genomes
confirmed the correct insertion of the Kan" fragment into the
targeted locus (data not shown).

VP11/12, VP13/14, and VP16 are nonessential for growth of
MDV-1. DNA of mutant BAC clones 20A46, 20A47, and
20A48, which are unable to express VP11/12, VP13/14, and
VP16, respectively, were transfected into either CESC or QM7
cells to analyze the growth properties of the mutant viruses.
CESC are efficient targets for propagation of MDV-1 strains
because plaques can easily be visualized from day 2 after in-
fection or transfection. Plaque formation was readily observed
after transfection of BAC20 or any of the mutant DNAs men-
tioned above, and viral antigen was detected by IIF by using
the anti-VP5 MAD F19 from day 4 after transfection (Fig. 3).
Similarly, fluorescent foci were observed in QM7 cells trans-
fected with the mutant BAC20 DNAs (Fig. 3). All tested mu-
tant viruses, however, formed smaller plaques in both cell types
when compared to those of parental BAC20 virus (Fig. 3).
Moreover, the sizes of the plaques formed by the 20A46 and
20A47 viruses appeared to become smaller by day 5, and no
20A46 virus plaques could be seen at day 7 after transfection
under the light microscope.

These results prompted us to monitor a possible growth
impairment in the mutant viruses by analyzing their growth
kinetics on CESC (Fig. 4). BAC20 virus titers reached a max-
imum at 72 h p.i. (6 X 10* PFU/2 X 10° CESC), and slightly
decreased until day 7 (2 X 10* PFU/2 X 10° cells). All four
mutant viruses, 20A46, 20A47, 20A48, and 20A46-48, exhibited
reduced maximal virus titers compared to BAC20. The 20A48
virus reached maximal titers of 2 X 10* PFU/2 X 10° cells at
72 h p.i. Mutant virus 20A47 reached a maximal titer of 9 X 10°
PFU/2 X 10° cells at 72 h p.i., but afterwards virus titers
continuously decreased to 1 X 10> PFU/2 X 10° cells on day
7 p.i.

Mutant virus 20A46 was significantly impaired in virus
growth, and the maximal titer reached was 1 X 10° PFU/2 X
10° cells at 72 h. p.i. The virus carrying a deletion of UL46,
ULA7, and UL48 (20A46-48) was severely impaired early in
infection even compared to the 20A46 virus, but reached max-
imal titers which were comparable to those of 20A46 at 72 h p.i.

Taken together, the results of the virus growth curves for the
individual MDV-1 mutants corroborated our initial observa-
tions, which had indicated a marked reduction of plaque sizes
for the 20A46, 20A47, and 20A46-48 viruses, but it could also
be demonstrated that each of the major tegument proteins
alone or in combination is nonessential for cell-to-cell spread
and growth of MDV-1, although a moderate additive effect
after deletion of all three major tegument was readily ob-
served.

VP22 is essential for replication for MDV-1. The next series
of experiments addressed the effect of a deletion of UL48 and
ULA49 from the MDV-1 genome either individually or in com-
bination. As described above, DNA of mutant BAC clones
20A49 and 20A48-49 was transfected into either CESC or
QM7 cells to analyze the growth properties of mutant MDV-1
harboring deletions in VP16 and/or VP22. After transfection
of mutant 20A49 or 20A48-49 DNA into CESC or QM7 cells,
only single cells expressing the major capsid protein VP5 could
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FIG. 1. (A) Schematic diagram of the genomic organization and HindIII restriction map of BAC20 virus. (B) Transcriptional organization in
the UL46 to ULA49 gene region of MDV-1 (41). (C) Schematic illustration of the BAC20 mutagenesis and the construction of mutant BAC20 clones
20A46, 20A47, 20A48, 20A46-48, 20A49, and 20A48-49. Digestion of BAC20 with HindIII leads to a 24-kb fragment which contains the UL46 to
ULA9 genes. The insertion of the Kan" gene by homologous recombination generated a new HindIII restriction site in all mutant BAC20 clones,
which results in generation of two fragments. Fragment sizes are given in base pairs and were calculated on the basis of the MDV-1 strain Md5
sequence.
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FIG. 2. HindIII digestion and Southern blot analysis of mutant BAC20 clones. (A) BAC DNA was digested with HindIII, and the resulting
fragments were separated on an ethidium bromide-stained 0.8% agarose gel. Arrowhead and asterisks indicate the 24- and 26-kb doublet band in
BAC20 and the new fragments generated by the insertion of the Kan® gene in mutant BAC clones, respectively. (B) DNA fragments were
transferred to a nylon membrane, and hybridizations were performed using Kan'-, UL49-, UL47-, UL46-, and ULA48-specific probes. The DNA
separated on the individual lanes is given. The sizes of the DNA molecular weight markers in lanes M (Smartladder; Eurogentec) are indicated.
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QM7 cells

f

FIG. 3. Digital images of immunofluorescence analysis of BAC20 virus and mutant 20A46, 20A47, 20A48, and 20A46-48 viruses. The respective
BAC DNA was transfected into CESC and QM7 cells. Cells were fixed on days 5 and 4 after transfection, respectively, and reacted with an Oregon
Green-labeled anti-VP5 MAb F19. Cells were examined with a 10X objective (a to i) or a 20X objective (b to j) using a Nikon fluorescent

microscope equipped with a TV Lens Nikon digital camera.

be detected (Fig. SA and 5Ba), suggesting that the reconsti-
tuted mutant viruses were not able to replicate in cultured
cells. Fluorescent foci, however, were observed when 20A49
and 20A48-49 were cotransfected into QM7 cells together with
pULA49, from which the MDV-1 homolog of VP22 is expressed
(Fig. 5Bc, 5Bd, and 5Bcd). These results demonstrated that

growth of the 20A49 and 20A48-49 mutant viruses could be at
least partially complemented in trans by the transient expres-
sion of UL49 in QM7 cells. These results also demonstrated
that VP22 is essential for growth of the highly cell-associated
MDV-1 in cultured cells.

To further examine which region of VP22 is required for
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FIG. 4. Growth curves of mutant MDV-1. After infection of primary CESC with approximately 100 PFU of the individual mutant viruses, virus
titers were determined at the indicated time p.i. by inoculating virus dilutions onto fresh CESC. Average values and standard deviations of data

from two independent experiments are shown.

MDV-1 growth, cotransfection experiments of 20A49 DNA
and pcDNA3 constructs, which encode truncated forms of
VP22, were performed. The N- and C-terminally truncated
forms of VP22, VP22N1, VP22N2, and VP22MS, were ex-
pressed in QM7 cells at levels that were comparable to that of
VP22 (data not shown). It could be clearly demonstrated that
all mutant VP22 constructs were able to trans-complement for
growth of the UL49-negative MDV-1, as foci of fluorescent
cells were observed after cotransfection of mutant BAC20
DNA with the respective expression plasmid. All foci were
associated with or close to individual cells expressing VP22 or
its deleted forms from pcDNA3 constructs (Fig. 5Bc to Bj).
These observations indicated restored cell-to-cell spread after
cotransfection of UL49 expression plasmids (Fig. 5), whereas
only single infected cells were observed after transfection of
QM7 cells with the UL49- or UL48-49-negative BAC20 DNA
alone (Fig. 5Ba and Bb).

Because transient transfection using pcDNA3 vectors led to
expression of full-length and truncated VP22 in a variable num-
ber of cells, we selected QM7 cell lines which constitutively
expressed VP22, VP22N1, VP22N2, and VP22MS. These cell
lines were named QM7UL49, QM7UL49N1, QM7UL49N2,
and QM7ULA49°-48, respectively, and were used to investigate
whether they would more efficiently trans-complement growth
of the 20A49 and 20A48-49 mutant viruses. Full-length and
truncated VP22 were detected at similar levels except for the
QM7ULA49NT1 cell line, in which VP22N1 appeared to be ex-
pressed at a lower level (Fig. 6d). In the QM7UL49%-48 cell
line, VP22MS was readily detectable (Fig. 6h), whereas VP16
was not detected by IIF assays (data not shown).

Surprisingly, none of the cell lines constitutively expressing
truncated VP22 was able to frans-complement the growth de-
fect of 20A49 and 20A48-49 (Fig. 6¢ to 6h ). In the QM7ULA49
cell line expressing full-length VP22, however, foci of infected

cells indicating frans-complementation could be observed (Fig.
6a, 6b, and 6ab). It must be noted that the average number of
foci per 20A49- or 20A48-49-transfected QM7ULA9 cells was
rather low, as only 1 focus per 15 transfected cells was observed
after transfection. In contrast, formation of foci was observed
in all cell lines expressing full-length or truncated VP22 after
transfection of BAC20 DNA, suggesting that the inability of
mutant MDV-1 to grow on VP22-expressing cell lines was not
caused by an interference phenomenon (data not shown), but
rather by an inability of constitutively expressed VP22 mutant
proteins to trans-complement growth of UL49-negative MDV-1.

Because both the 20A49 and 20A48-49 viruses exhibited a
major growth defect which could not be totally complemented
by QM7ULA9 cells, a rescuant virus was generated to ascertain
that this lethal mutation was associated with the deletion of
UL49 and did not result from a secondary site mutation. The
rescuant virus, 20A49R 1, was obtained by cotransfecting 20A49
DNA and pGEM-T48-49.5 in CESC. Monolayers were exam-
ined for visible plaques from day 3 posttransfection, and a
single plaque was picked and amplified on fresh CESC. Both
BAC20 and 20A49R1 replicated at comparable levels in CESC
(Fig. 7), suggesting that the repair of the deletion in UL49 of
the 20A49 virus was able to totally rescue virus growth in
cultured cells and that the UL49 gene is indeed essential for
MDV-1 growth.

DISCUSSION

By using a recently established MDV-1 BAC clone (32), we
have constructed a series of MDV-1 mutants with deletions of
the UL46 to UL49 genes, which encode the MDV-1 homologs
of HSV-1 major tegument proteins.

We could demonstrate that MDV-1 VP16, encoded by the
ULAS8 gene, is nonessential for virus replication in cell culture,
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because a virus carrying a deletion of UL48 was able to form
plaques in CESC and QM?7. This result supported our initial
IIF studies, in which we were not able to detect expression of
the VP16 protein in CESC infected by MDV-1 strain RB1B
(9). However, the UL48-negative virus exhibited a slight
growth impairment in CESC compared to the BAC20, and
PFU-per-plaque yield was shown to be reduced to 240 versus
1,100 in the BAC20 virus.

In recent IIF analyzes on CESC infected with either MDV-1
strain RB1B or BAC20 virus, discrete but very weak immuno-
fluorescent staining was detected with a VP16-specific MAD in
enlarged cells corresponding to fused infected cells, especially
when paraformaldehyde was used as the fixation agent (Dor-
ange and Vautherot, unpublished). This may suggest low-level
expression and accumulation of VP16 in later stages of infec-
tion and in dying cells and would explain the moderate but
detectable impairment of 20A48 in virus growth.

Another possibility for the reduced growth properties of
20A48 may be that a short open reading frame (ORF91), which
encodes a polypeptide of 91 amino acids in length, and over-
laps the UL48 ORF (41) could be functional and may encode
a peptide playing a role in virus replication in cultured cells. As
ULA49.5, UL49, and UL48 seem to have the same polyadenyl-
ation signal located downstream of UL48 (13, 42), the replace-
ment of UL48 by the Kan" gene could also have a deleterious
effect on the transcription of the bi- and tricistronic mRNAs.
However, this poly(A) signal was not affected by the mutagen-
esis performed, and VP22 appeared to be expressed at levels
similar to those in 20A48- or BAC20-infected CESC (data not
shown). The UL47 promoter, located between the UL48 and
ULA7 genes in the intergenic region, was also not affected by
the mutagenesis, and VP13/14 was readily detected in IIF
assays (data not shown), indicating that the overall transcrip-
tional organization of this region is still intact after insertion of
the Kan" gene.

Comparison of MDV-1 VP16 with its homologs of other
alphaherpesviruses suggests that VP16 expression is regulated
differently in MDV-1, and the exact role of VP16 in infection
still remains to be determined. For example, varicella-zoster
virus (VZV) VP16 (ORF10) is abundantly expressed in in-
fected cells but is dispensable for virus growth (7). In contrast,
HSV-1 VP16 is absolutely required for virus growth, as dele-
tion of VP16 abolishes the ability of HSV-1 to grow in cell culture
(40). HSV-1 VP16 has been demonstrated to perform several
roles in virus replication through transactivation of immediate-
early gene expression (4), interaction with virion host shutoff
protein VHS (34), and involvement in virus egress (22).
Whether MDV-1 VP16 is involved in viral replication in the
early events of infection or in virus maturation and cell-to-cell
spread in the late stages of infection or in both will be deter-
mined in future experiments, but deletion of this gene had only
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a minor impact on MDV-1 growth in cultured cells. Moreover,
the study of the expression and function of the MDV-1 VHS
homolog will be of major interest for an understanding of the
role of VP16 in MDV-1 infection.

MDV-1 strains carrying deletions of the UL46 and UL47
genes were able to form plaques on CESC. Both viruses, how-
ever, showed a severe growth impairment compared to BAC20
virus and reached a maximal PFU-per-plaque yield of 130 and
17, respectively, compared to 1,100 for the BAC20 virus. More-
over, both viruses also exhibited a significant decrease in
plaque size and in PFU-per-plaque yield between days 5 and
7 p.i. When considering the growth curves, the growth impair-
ment of 20A46 and 20A47 became obvious at day 3 p.i.

A decrease in plaque size was reported for an MDV-1 mu-
tant with a deletion of the US1 gene, coding for the ICP22
homolog (27). The growth curve of the US1-negative virus was
very similar to that of the parent virus until day 4, but then a
decrease in plaque size and virus yield by day 5 to 7 with a
PFU-per-plaque yield of 100 versus 200 for the parent virus by
day 7 was observed. The authors demonstrated that this de-
crease correlated with the survival of cells of the CEF mono-
layer (27). Although the cell system used in our study is dif-
ferent, this difference in growth titer may also be related to
aging of cells. However, we cannot exclude that VP11/12 and
VP13/14 play an important role at late stages of infection.
Indeed, both proteins were detected mainly in highly infected
cells in the center of viral plaques (Dorange and Vautherot,
unpublished).

In the case of HSV-1, VP11/12 and VP13/14 have been
suggested to be involved in modulation of the activity of VP16
(42, 43). However, both genes are dispensable for virus growth,
and deletion of UL46 and ULA47 genes either separately or in
combination showed little impact on virus growth (42). In the
case of HSV-1, however, cells can be infected with mutant
viruses harboring deletions of UL46, UL47, and UL46-47 at
high multiplicities of infection (5 PFU/cell), which is not pos-
sible in the case of MDV-1 due to the high cell association of
the agent. The virus harboring a deletion of the UL46, UL47,
and ULA48 genes, 20A46-48, was able to grow on CESC and
QM7 cells, but also showed a major growth impairment. We
concluded that neither of these genes and their products, ei-
ther separately or in combination, are essential for MDV-1
growth in cultured cells.

By a series of experiments, it was shown that BAC20 mutant
viruses with a deletion of UL49 alone or in combination with
ULAS8 were unable to grow in cultured cells. By generating a
rescuant virus, 20A49R 1, we were able to definitely confirm the
essential role of the UL49 gene product in viral replication. We
have previously shown that MDV-1 VP22 is an abundantly
expressed protein in MDV-1-infected cells, with a mainly nu-
clear localization (9). The rationale for our frans-complemen-

FIG. 5. (A) Immunofluorescence analysis of 20A49 and 20A48-49 replication in CESC and (B) trans-complementation of 20A49 in QM7 cells.
(A) CESC were transfected with 20A49 or 20A48-49 DNA, fixed 5 days after transfection, and reacted with an Oregon Green-labeled anti-VP5
MAD F19. (B) QM7 cells (a to j) were transfected with 20A49 DNA (a and b), 20A49 and pUL49 DNA (c and d), 20A49 and pUL49N1 DNA (e
and f), 20A49 and pUL49N2 DNA (g and h), or 20A49 and pUL49%-48 DNA (i and j) and fixed at 4 days after transfection. Cells were reacted
with Oregon Green-labeled anti-VP5 MADb F19 and Texas Red-X-labeled anti-VP22 MAb D18. Single-color images were recorded separately and
are shown in the left and middle columns. The merged images are shown in the right column. Cells were examined with a 40X objective using a
Nikon fluorescent microscope equipped with a TV Lens Nikon digital camera.
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FIG. 6. Immunofluorescence analysis of trans-complementation assays of 20A49 in QM7 cell lines constitutively expressing full-length or
truncated VP22. 20449 DNA was transfected into QM7ULA9 (a and b), QM7ULA49N1 (c and d), QM7ULA49N2 (e and f), QM7ULA49s-48 (g and
h), or QM7T+ cell lines (i and j). Four days after transfection, cells were fixed and stained with Oregon Green-labeled anti-VP5 MAb F19 and
Texas Red-X-labeled anti-VP22 MAb D18. Single-color images were recorded separately and are shown in the left and middle columns. The
merged images are shown in the right column. Cells were examined with a 40X objective using a Nikon fluorescent microscope equipped with a

TV Lens Nikon digital camera.

tation using various VP22 constructs was related to our initial
observation that upon transfection of the gene into cells, the
protein was entering neighboring cells of the monolayer. These
results suggested the possibility of interaction between the
protein and the maturing mutant viruses.

Both the 20A49 and the 20A48-49 virus were rescued by
cotransfection of the pUL49 expression plasmid, suggesting
that VP22 can complement the defect of UL49-negative
MDV-1 in trans. VP22 expressed in the baculovirus-insect cell
system, although taken up by CESC and QM7 cells in the
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FIG. 7. Growth characteristics of the 20A49R1 rescuant virus. Pri-
mary CESC were infected with 100 PFU of either 20A49R1 or BAC20

virus per 2 X 10° CESC, and virus titers were determined at various
times p.i. by inoculating dilutions of infected cells with fresh CESC.

monolayer, was not able to complement the deficient viruses
(data not shown). As expected, MDV-1 VP16, which is also
absent in 20A48-49, was not required for virus replication,
because the defect of this mutant virus could be complemented
by expression of VP22 alone. Both N- and C-terminally trun-
cated forms of the MDV-1 VP22 proteins, VP22N1, VP22N2,
and VP22MS, also complemented the 20A49 virus in trans,
suggesting that the DNA-binding region, which is absent in
VP22N2, is not essential for virus growth in cell culture. The
three truncated proteins contained the region involved in in-
tercellular spread, suggesting an important role of this VP22
property in MDV-1 infection. To our knowledge, this is the
first report on an alphaherpesvirus for which VP22 plays an
essential role in virus growth and cell-to-cell spread.

In the case of HSV-1, a virus deleted of the entire UL49
gene has not yet been reported. Pomeranz and Blaho (28)
report on unsuccessful trials to generate virus mutants with
deletions of the entire VP22, and show that a virus coding for
a C-terminally truncated form of VP22 grows to similar titers
compared to parental HSV-1. However, the authors have
noted a reduced plaque size compared to the parental virus
and suggested that HSV-1 VP22 is needed for efficient cell-to-
cell spread in cultured cells (28).

Whether MDV-1 VP22 is required for virus replication by
acting as a trans-activating protein or for virus egress will be
determined in future experiments. Our results showing that the
MDV-1 UL49-homologous gene is essential for virus growth
are in contradiction to the report that the UL49-homologous
gene of bovine herpesvirus type 1 (BHV-1) is dispensable for
virus growth in cultured cells (18). However, recent studies
suggest that BHV-1 VP22 is functionally distinct from its
HSV-1 homolog (13) and may therefore also be different from
its MDV-1 counterpart.

We reported on the engineering of QM7 cell lines constitu-
tively expressing full-length and truncated VP22. None of the
cell lines, however, was able to trans-complement both UL49-
negative viruses, although formation of some foci occurred in
a very limited number of 20A49-transfected QM7 ULA49 cells.
It should be noted that transfection of BAC20 DNA in all four
lines led to foci of infected cells, suggesting that no major
cellular factors involved in the infection were damaged in these
cell lines. The fundamental difference between the abilities of
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the cell lines permanently expressing truncated VP22 proteins
versus QM7 cells transiently expressing the same proteins,
where efficient frans-complementation of UL49-negative vi-
ruses was observed, needs to be clarified. Improper posttrans-
lational modifications of HSV-1 VP22 have been suggested to
exert an important effect on the distribution of VP22 and may
also contribute to different function of the protein in infected
cells (29).

We have previously reported that the recombinant VP22
and VP22MS proteins are phosphorylated and that two phos-
phorylated forms are detectable in insect cells (9). It is con-
ceivable that incorrect phosphorylation of the truncated (and
full-length) proteins in permanent cell lines prevents efficient
trans-complementation of the UL49-negative MDV-1 and that
a timely coordinated expression of the VP22 protein with an-
other viral protein(s) may be required for the formation of
functional VP22. Further work will be directed to elucidating
whether the multiple forms of full-length and truncated VP22
are present in QM7 cells which either transiently or stably
express these proteins and whether the phosphorylation pat-
tern of VP22 has an impact on its ability to complement growth
of UL49-negative MDV-1.
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