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Tegument protein VP8 encoded by the UL47 gene of bovine herpesvirus type 1 (BHV-1) is the most abundant
constituent of mature virions. In the present report, we describe the characterization of UL47 gene-deleted
BHV-1 in cultured cells and its natural host. The UL47 deletion mutant exhibited reduced plaque size and more
than 100-fold decrease in intracellular and extracellular viral titers in cultured cells. Ultrastructural obser-
vations of infected cells showed normal maturation of BHV-1 virions in the absence of VP8. There was no
evidence for a change in immediate-early gene activator function of VP16 in the UL47 deletion mutant
virus-infected cells, since bovine ICP4 mRNA and protein levels were similar to those in the wild-type and
revertant virus-infected cells throughout the course of infection. Whereas VP16, glycoprotein C (gC), gB, and
VP5 were expressed to wild-type levels in the UL47 deletion mutant-infected cells, the gD and VP22 protein
levels were significantly reduced. The reduction in gD protein was associated with increased turnover of the
protein. Furthermore, some of the analyzed early and late proteins were expressed with earlier kinetics in the
absence of VP8. Extracellular virions of the UL47 deletion mutant contained reduced amounts of gD, gB, gC,
and VP22 but similar amounts of VP16 compared to those of wild-type or revertant virus particles. In addition,
the UL47 gene product was indispensable for BHV-1 replication in vivo, since no clinical manifestations or viral
shedding were detected in the UL47 deletion mutant-infected calves, and the virus failed to induce significant
levels of humoral and cellular immunity.

Bovine herpesvirus type 1 (BHV-1) is an alphaherpesvirus
which is an important pathogen of cattle, causing a variety of
clinical manifestations in its natural host (46). BHV-1 virions
have a typical herpesvirus structure characterized by the pres-
ence of a double-stranded DNA genome enclosed in an ico-
sahedral capsid, the tegument surrounding the capsid, and the
outer host-derived lipid envelope bearing virus-encoded glyco-
proteins. While the major constituents of the viral envelope
have been extensively studied (reviewed in reference 17), the
proteins present in the tegument and nucleocapsid of BHV-1
have been poorly characterized. Compositionally, the tegu-
ment is the most complex compartment of the virion, contain-
ing more than 15 viral gene products (32). In addition to their
structural role, various regulatory functions, including modu-
lation of transcription (34, 47), kinase activity (39), RNase
activity (41), and DNA packaging (43), have been assigned to
some tegument proteins, suggesting that these virion constitu-
ents function at several stages during virus infection, establish-
ing conditions for efficient viral replication and promoting vi-
rus assembly and egress.

Although the UL47 gene product, tegument protein VP8, is
the most abundant component of mature BHV-1 virions (5), its
function is unknown. Like its herpes simplex virus type 1

(HSV-1) homologue (31), VP8 is posttranslationally modified
by phosphorylation (5, 23) and by the addition of O-linked
carbohydrates (49). Both HSV-1 and BHV-1 UL47 homo-
logues possess nuclear localization and nuclear export signa-
tures (7, 51, 53, 56), enabling them to shuttle between the
nucleus and cytoplasm when expressed in transiently trans-
fected cells (51, 56) or during viral infection (52, 53). Further-
more, both proteins exhibit a steady-state nuclear localization
at early stages of infection and during transient expression (6,
35, 49, 51, 52, 56), suggesting a functional role for these ho-
mologues in the nucleus. Nucleocytoplasmic shuttling of VP8
is sensitive to treatment with a RNA polymerase II inhibitor,
actinomycin D (52). This observation coupled with recently
demonstrated RNA binding activity of the HSV-1 and BHV-1
UL47 counterparts suggests that like RNA binding proteins
encoded by other viruses (12, 44), these UL47 gene products
may be involved in promotion of the export of virus-encoded
transcripts from the nucleus to the cytoplasm (8). Early genetic
studies suggested a modulatory role of the HSV-1 UL47 gene
product in stimulation of viral immediate-early gene transcrip-
tion, which is primarily mediated by VP16 (54, 55). However,
these potential functions are not absolutely required for
HSV-1 propagation in cell culture, as corresponding UL47
deletion mutants have been produced using noncomplement-
ing cells (2, 55). The UL47 gene products of Marek’s disease
virus serotype 1 (9), avian infectious laryngotracheitis virus
(ILTV) (13), and pseudorabies virus (PrV) (20) were also
considered nonessential in cell culture. A common feature of
all UL47-null herpesviruses characterized is a comparatively
mild growth defect, which is an approximately 10-fold decrease
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in final titers. UL47-deleted PrV exhibited normal replica-
tion in the nasal epithelium and only a slight delay in neuro-
invasion in a mouse model (19). An in vivo phenotype was
apparent during infection of a natural host with the UL47
gene-deleted ILTV, which was significantly attenuated in
chickens but conferred protection against subsequent chal-
lenge with a virulent strain of the virus (13). VP8 was also
determined to be nonessential for viability of BHV-1 in cell
culture (42). However, the phenotype of a UL47-null BHV-1
has not been characterized either in cell culture or in vivo.

In this report, we describe the construction and functional
analysis of a BHV-1 mutant defective in expression of the
UL47 gene. This is the first phenotypic characterization of
UL47 gene-deleted BHV-1 both in vitro in permissive cells and
in vivo in its natural host.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby bovine kidney (MDBK) cells and fetal bovine
testicular (FBT) cells were cultured in Eagle’s minimum essential medium sup-
plemented with 10 mM HEPES, 0.1 mM nonessential amino acids, 50 �g/ml
gentamicin (cell culture medium), and 10% (vol/vol) fetal bovine serum (FBS).
All cell culture reagents were purchased from Gibco/Invitrogen (Carlsbad, CA).
A highly virulent BHV-1 strain 108 (16) was used as parental virus in this study.
All viral stocks were propagated in FBT cells as described previously (23). Cell
culture medium supplemented with 2% FBS and 0.8% agarose type VII (Sigma-
Aldrich, St. Louis, MO) was used to overlay cells for viral titration in a 24-well
plate format or experiments involving viral plaque formation.

Recombinants were constructed by homologous recombination within MDBK
cells. To substitute the UL47 open reading frame (ORF) with the enhanced
yellow fluorescent protein (EYFP) coding sequence, the pUL48-YFP-UL46 plas-
mid bearing the EYFP ORF surrounded by UL47 upstream and downstream
flanking sequences was constructed. The upstream homology region was ampli-
fied from purified BHV-1 DNA by PCR using primer 5�-ACACGGTACCGAG
TTGCGTTGTCTTTGGGATG-3�, including a KpnI restriction site, and primer
5�-TCGGTCGACAAATCCCGTGTAGACCCAAG-3�, including a SalI restric-
tion site. The PCR product was inserted as a KpnI/SalI fragment into pEYFP-N1
(Clontech, Mountain View, CA), creating pUL48-YFP. The homology region
downstream of UL47 was amplified from BHV-1 DNA with primer 5�-TGGAA
TTCTAGCCATCACGCTTGAATGC-3�, containing an EcoRI site, and primer
5�-CAACTAGTTCAGCAGCGCCAGCTTAAAC-3�, containing an SpeI site.
This fragment was inserted as an EcoRI/SpeI fragment into the pUL48-YFP
plasmid, resulting in pUL48-YFP-UL46. To transfer the UL47 deletion into the
virus, a fragment encompassing the EYFP ORF surrounded by UL47 flanking
regions was excised from pUL48-YFP-UL46 by KpnI/SpeI digestion, and 2 �g of
the fragment DNA was cotransfected with 1 �g of infectious wild-type (WT)
BHV-1 DNA into FBT cells using Lipofectamine reagent (Invitrogen, Carlsbad,
CA). The resulting virus pool was screened for EYFP-positive plaques. Three
rounds of plaque purification on MDBK cells resulted in the appearance of small
fluorescent plaques that did not spread efficiently through the monolayer. There-
fore, the last round of plaque purification and viral stock preparation was carried
out on FBT cells, which better supported the spread of the UL47-null virus
(BHV1-�UL47) in our experiments. The introduced deletion spanned 40 bp of
upstream UL47 flanking sequence and 84 bp of downstream UL47 flanking
sequence.

To construct a �UL47 rescue virus, the UL47 ORF was excised with BamHI
and XhoI from pcDNA6-UL47, which was constructed by cloning a BamHI/
XhoI-digested UL47 gene-containing PCR fragment, amplified from BHV-1
DNA with primers 5�-CCGGATCCGCCATGGACGCCGCTAGGGATG-3�
and 5�-CCCTCGAGCTAGCGGCCGCCCAGG-3�, into pcDNA6/V5-His (In-
vitrogen) cut with the same enzymes. The resulting 2.2-kbp fragment blunted by
T4 DNA polymerase was inserted into pUL48-YFP-UL46 digested with BamHI/
EcoRI and blunted as described above to create pUL48-UL47-UL46. A fragment
encompassing the UL47 ORF surrounded by its flanking sequences was released
from pUL48-UL47-UL46 by KpnI/SpeI digestion and transfected into FBT cells,
followed by infection with 10,000 PFU of BHV1-�UL47. The resulting virus pool
was used to initiate three rounds of nonfluorescent plaque selection on MDBK
cells. In the revertant virus (BHV1-UL47R) genome, the UL47 ORF, but not the
flanking intergenic regions, was repaired.

Analysis of viral growth properties. To examine the replication kinetics of the
viruses, MDBK cells cultured in 35-mm cell culture dishes were infected with
preparations of extracellular virus at a multiplicity of infection (MOI) of 1.
Starting at 5 h after infection, cell culture medium and cells were collected
separately every 5 h for 35 h. The cells, collected into freshly added cell culture
medium, were subjected to two freeze-thaw cycles to release the virus. All
samples were clarified by low-speed centrifugation and stored at �80°C prior to
the determination of the infectious titer by plaque assay on MDBK cells.

For plaque size analysis, MDBK cells cultured in six-well plates were infected
with �100 PFU/well of WT BHV-1, BHV1-�UL47, or BHV1-UL47R. At 48 h
postinfection, the infected cell monolayers were fixed with 75% ethanol–25%
glacial acetic acid, and viral plaques were stained by incubation with a pool of
glycoprotein B (gB)-specific monoclonal antibodies (MAbs), followed by incu-
bation with alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G
(IgG) (Kirkegaard and Perry Laboratories, Gaithersburg, MD) and development
with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (BCIP/
NBT) (Sigma Chemical Co., Saint Louis, MO). Images of 50 discrete plaques for
each virus were acquired using a Zeiss Axiovert 200M microscope equipped with
a digital camera. The average diameter for each plaque was calculated from two
perpendicular diameter measurements performed using AxioVision AC 4.5 soft-
ware.

To prepare gradient-purified BHV-1 virions, supernatants from infected FBT
cells displaying complete cytopathic effects were combined, and cell debris was
removed by low-speed centrifugation. Virions were pelleted through a 30%
(wt/vol) sucrose cushion in TNE buffer (10 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1 mM EDTA) by centrifugation in a Beckman SW32Ti rotor at 25,000 rpm
for 2 h at 4°C. The pellet was resuspended in TNE buffer and layered onto a
36-ml linear 10 to 60% (wt/vol) gradient of potassium sodium tartrate in TNE
buffer poured from the bottom using a Hoefer SG50 gradient maker (Amer-
sham, Piscataway, NJ). After centrifugation for 2 h at 25,000 rpm (SW32Ti),
purified virions were withdrawn by side puncture with a syringe. The virions were
concentrated by centrifugation as described above, resuspended in TNE buffer,
and stored at �80°C until use.

To analyze the particle-to-PFU ratio, solubilized proteins of gradient-purified
WT BHV-1, BHV1-�UL47, and BHV1-UL47R virions were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the VP5
protein concentration was measured by immunoblotting and densitometry. The
volumes of the virion preparations were adjusted to normalize the VP5 concen-
tration, and the infectivity of the viral preparations was determined by plaque
assay, whereas the viral genome copy numbers were analyzed by quantitative
real-time PCR (qPCR).

Analyses of viral DNA and RNA. For Southern blotting, cell culture superna-
tants from 150-cm2 flasks with FBT cells infected for 48 h with 106 PFU/flask of
WT BHV-1, BHV1-�UL47, or BHV1-UL47R were clarified by centrifugation at
5,000 � g for 10 min, and viral particles were collected by centrifugation at 27,000
rpm (SW32Ti rotor) for 2 h at 4°C. DNA was isolated from the pelleted virions
using a Qiagen genomic DNA extraction kit. Viral pellets were resuspended in
5 ml of buffer G2, followed by the addition of 95 �l of proteinase K stock solution
and incubation at 50°C for 1 h. After the incubation, the lysates were diluted with
an equal volume of buffer QBT and loaded into genomic-tip 100/G columns.
Subsequent purification steps were performed strictly according to the protocol
of the manufacturer. An aliquot of each DNA preparation was digested over-
night with HindIII in the presence of RNase A. The DNA fragments were
separated by electrophoresis in a 0.8% agarose gel and transferred to Zeta-Probe
nylon membrane (Bio-Rad, Hercules, CA) by standard procedures. Probes used
in Southern hybridization were generated by PCR using EYFP gene-specific
primers 5�-ACGTAAACGGCCACAAGTTC-3� and 5�-TCACCTTGATGCCG
TTCTTC-3� with the pEYFP-N1 (Clontech) vector as a template, and UL47
gene-specific primers 5�-TGAGGACGAGAACGTGTATG-3� and 5�-TCGTCT
GGCACAAGGTCCTC-3� or UL49 ORF-specific primers 5�-TACGAGTACA
GCGACCTTTG-3� and 5�-CCAGACGCAACAGCATTAGC-3� with purified
WT BHV-1 DNA as a template. Probes were labeled with [�-32P]dCTP by
random priming using Ready-To-Go DNA labeling beads (without dCTP) (Am-
ersham Biosciences, Buckinghamshire, United Kingdom). The hybridizations
were performed in ExpressHyb hybridization solution (Clontech) according to
standard protocols.

To compare the viral mRNA levels by reverse transcription and qPCR, MDBK
cells grown in six-well plates were mock infected or infected with 5 PFU/cell of
WT BHV-1, BHV1-�UL47, or BHV1-UL47R in duplicate. Total RNA was
extracted from the cells at 3, 4, 5, 10, 15, 20, and 25 h postinfection using Trizol
reagent (Invitrogen). The isolated RNA samples were additionally cleaned up
using a Qiagen RNeasy MinElute cleanup kit (Hilden, Germany), and the con-
centration and integrity of the RNA samples were determined with the aid of an
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Agilent 2100 bioanalyzer. Genomic DNA removal and reverse transcription were
carried out with 0.5 �g total RNA per reaction mixture using a QuantiTect
reverse transcription kit (Qiagen, Mississauga, Ontario, Canada).

Relative gD, bovine ICP4 (bICP4), and UL46 mRNA levels were quantified by
qPCR using 18S rRNA internal controls to normalize template input. The
amplifications were performed in 96-well PCR plates (Bio-Rad Laboratories,
Hercules, CA) with 1 �l cDNA per well in triplicate using Platinum SYBR green
qPCR SuperMix-UDG (Invitrogen) and an iQ5 real-time PCR detection system
(Bio-Rad Laboratories). The following primers at a concentration of 10 pmol per
reaction mixture were used in qPCR: for gD, primers 5�-CGAGCCCAGGAAGC
ACTTTG-3� and 5�-ACCGTGCCGTCGATGTACAG-3�; for bICP4, primers 5�-G
GCGCGCTTTTTGACACCCGTA-3� and 5�-CCCCGCGCCTCTTTCTTGTT-3�;
for UL46, primers 5�-TGCCGCTTCGCTCACTTTAC-3� and 5�-TCAGCAGC
GCCAGCTTAAAC-3�, and for 18S rRNA, primers 5�-TGTGATGCCCTTAG
ATGTCC-3� and 5�-TTATGACCCGCACTTACTGG-3�. SYBR green fluores-
cence was measured over the course of 40 amplification cycles. Each plate
included serial 10-fold dilutions of cDNA synthesized from total RNA isolated
from WT BHV-1-infected cells or mock-infected cells to generate standard
curves for BHV-1 gene-specific and 18S rRNA-specific primers, respectively. The
data were analyzed by the method of Pfaffl (37). Briefly, the amplification
efficiencies were calculated from the slopes of generated standard curves using
the formula E � 10E(�1/slope). The mean cycle number at which product
accumulation entered the linear range, the cycle threshold (CT), was calculated
for each template. The relative expression ratio of a target gene was calculated
as a sample versus a control in comparison to a reference gene (18S rRNA) using
the equation:

Ratio �
Etarget

�CTtarget	control � sample


Eref
�CTref	control � sample


where ref stands for reference.
As there were no CT values for BHV-1 gene-specific primers in mock-infected

samples, the values for 25 h postinfection samples were used as the control.
The relative copy numbers of WT BHV1, BHV1-�UL47, or BHV1-UL47R

genomes in gradient-purified virion preparations were determined by qPCR with
the gD-specific primers from a standard curve generated by serial dilution of the
pSLIAgD plasmid containing the full-length BHV-1 gD gene (3). Viral DNA was
extracted using a DNeasy blood and tissue kit (Qiagen, Mississauga, Ontario,
Canada). Results were expressed as the number of viral genome copies per
milliliter of gradient-purified virion preparation.

Protein analysis. The following antibodies were used for protein analysis.
VP8-specific MAb (49) and VP22-specific polyclonal rabbit antibody (28) have
been described previously. Green fluorescent protein (GFP)-specific polyclonal
antibody was purchased from Molecular Probes (Eugene, OR). Anti-�-actin
MAb clone AC-15 was purchased from Sigma-Aldrich. Polyclonal VP16-specific
rabbit serum was a generous gift from Vikram Misra, University of Saskatche-
wan. VP5-specific serum was raised in rabbits against a synthetic peptide, GVS
RSTSDTELQFKQPPGTGEL, representing amino acids 1300 to 1321 of BHV-1
VP5 according to a previously described protocol (18). The same protocol was
used to produce polyclonal rabbit serum to synthetic peptide FPAPAGGGRR
PRRPRRGPPPRVEVL corresponding to amino acids 1284 to 1308 of BHV-1
bICP4. Mixtures of gB-specific and gC-specific MAbs (48) and gD-specific MAb
clone 3D9S (29) have been described elsewhere.

For SDS-PAGE and immunoblotting, whole-cell extracts of virus-infected or
mock-infected cells were prepared using radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 1% de-
oxycholate, 0.1% SDS) supplemented with 1 mM phenylmethylsulfonyl fluoride
and 1 �g/ml each of aprotinin, leupeptin, and pepstatin A. The solubilized
proteins of gradient-purified BHV-1 virions were prepared as previously de-
scribed (49). Equal amounts of protein preparations were separated by SDS-
PAGE, and the gels were either stained with Coomassie blue or transferred to
nitrocellulose membranes, which were subjected to incubation with the appro-
priate primary antibodies. Western blots were further processed using goat
IRDye 680-conjugated anti-mouse IgG or IRDye 800CW-conjugated anti-rabbit
IgG (LI-COR Biosciences, Lincoln, NE). Antibody-reactive bands were detected
using the Odyssey infrared imaging system (LI-COR Biosciences), and the im-
ages obtained were processed with the aid of Odyssey 3.0.16 application software
(LI-COR Biosciences). In order to reprobe a blot with another antibody when
necessary, membrane-bound antibody complexes were removed using the New-
blot Nitro stripping buffer (LI-COR Biosciences).

For pulse-chase analysis, MDBK cells cultured in 60-mm cell culture plates
were infected with 5 PFU/cell of WT BHV-1, BHV1-�UL47, or BHV1-UL47R or
mock infected. At 8 h postinfection, the monolayers were washed twice with

phosphate-buffered saline (PBS) and starved for 30 min in methionine/cysteine-
free Dulbecco’s modified Eagle medium supplemented with 2% dialyzed FBS
(Gibco/Invitrogen). Subsequently, the cells were pulse-labeled for 40 min by the
addition of 100 �Ci of [35S]methionine/cysteine (PerkinElmer LAS Canada,
Woodbridge, Ontario, Canada) per plate. The cells were washed once with PBS
and incubated in Dulbecco’s modified Eagle medium supplemented with 2%
FBS, 2 mM L-methionine, and 2 mM L-cysteine. At 0, 30, 60, 120, and 180 min
of chase, the cells were collected, and total cell lysates were prepared in RIPA
buffer. Each lysate was divided into two equal aliquots, and paired aliquots were
incubated with either gD-specific or gC-specific MAb for 7 h at 4°C, followed by
overnight incubation at 4°C with protein A/G Sepharose CL-4B (GE Healthcare,
Uppsala, Sweden). Finally, samples were washed four times with RIPA buffer
and analyzed by SDS-8% PAGE and autoradiography.

Transmission electron microscopy. MDBK cells cultured in 100-mm cell cul-
ture plates were mock infected or infected with 5 PFU/cell of WT BHV-1,
BHV1-�UL47, or BHV1-UL47R. At 14 h postinfection, the cells were collected
by trypsinization, washed with PBS by low-speed centrifugation, and fixed with
5% glutaraldehyde in 0.1 M sodium cacodylate buffer (SCB; pH 7.4). After
fixation, the cells were washed and postfixed with 1% osmium tetroxide in 0.1 M
SCB for 1 h at room temperature. Subsequently, the cells were rinsed with water
and dehydrated in 50% ethanol for 5 min, then in 70% ethanol saturated with
uranyl acetate for 1 h, followed by a graded ethanol series and three changes of
propylene oxide. The samples were embedded in Epon/Araldite, polymerized
overnight at 58°C, sectioned, and examined with the aid of a Philips 410 LS
transmission electron microscope.

Experimental challenge and virus titration. Nine- to 10-month-old Angus
cross calves were randomly allocated to three groups of five animals each, and
the groups were housed in separate isolation pens. Calves from two groups were
individually exposed to an aerosol of 4 � 106 PFU of WT BHV-1 or BHV1-
�UL47 as previously described (40, 50). One group was left as untreated control.
After the challenge, the animals were examined for 12 consecutive days for
clinical signs, including nasal lesions, conjunctivitis, depression, appetite, and
body temperature. At 57 days postinfection, dexamethasone treatment was ini-
tiated according to the schedule reported by Inman et al. (14). Nasal swabs and
serum samples were collected at the designated times. Nasal swabs collected in
serum-free Eagle’s minimum essential medium supplemented with 100 U/ml of
penicillin and 0.1 mg/ml of streptomycin were snap-frozen in liquid nitrogen and
stored at �80°C. All procedures were carried out in accordance with the guide-
lines of the Canadian Council for Animal Care.

For virus titration, nasal swab samples were thawed quickly in a 37°C water
bath, vortexed, and centrifuged at 1,500 � g for 10 min at 4°C. Titrations were
performed in a 96-well format with 10-fold serial dilutions, and the diluted
samples were plated in three replicate wells. Cell culture medium containing 1%
FBS and neutralizing BHV-1-specific bovine serum was used to overlay infected
MDBK cells.

IFN-� ELISPOT assay, virus neutralization assay, and enzyme-linked immu-
nosorbent assay (ELISA). For the enzyme-linked immunospot (ELISPOT) as-
say, 96-well Multiscreen-HA filter plates (Millipore, Billerica, MA) were coated
overnight at 4°C with a bovine gamma interferon (IFN-�)-specific MAb (clone
2-2-1) diluted 1:1,500. After the plates were washed with sterile PBS, they were
blocked with 1% (wt/vol) bovine serum albumin (Sigma-Aldrich) in PBS. Pe-
ripheral blood mononuclear cells (PBMCs) were isolated as described previously
(40). Purified PBMCs were resuspended in cell culture medium supplemented
with 10% FBS, 2 mM L-glutamine, 50 �M 2-mercaptoethanol, and 2 ng/ml
dexamethasone and dispensed at 106 cells per well in triplicate wells in medium
or in medium with purified gB (0.1 �g/well), gC (0.1 �g/well), or tgD (0.4
�g/well). After 24 h, the plates were washed, incubated with bovine IFN-�-
specific rabbit antibody (92-131) diluted 1:500, and then incubated with alkaline
phosphatase-conjugated goat anti-rabbit IgG (Kirkegaard and Perry Laborato-
ries). IFN-� spots were developed with BCIP/NBT substrate (Sigma-Aldrich).
Finally, the plates were washed with water and air dried. The spots were counted,
and the results were expressed as the difference between the number of IFN-�-
secreting cells per 106 cells in the glycoprotein-stimulated wells and the number
of IFN-�-secreting cells per 106 cells in wells with medium.

Virus neutralization titers in sera from experimentally infected animals were
determined as described previously (1). The titers were expressed as the recip-
rocal of the highest dilution that caused a 50% reduction in the number of
plaques relative to the virus control. BHV-1-specific IgG titers before and after
challenge were determined by ELISA with purified tgD as the antigen according
to a procedure described elsewhere (15, 40). ELISA titers were expressed as the
reciprocal of the highest dilution resulting in a value of 2 standard deviations
above the negative-control serum.
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Statistical analyses. Data were analyzed by using GraphPad Prism version 5.02
software. The differences in plaque sizes between the viruses were analyzed by
two-tailed t test. Differences in serum neutralization titers and ELISPOT and
ELISA data were investigated using one-way analysis of variance test. Medians
between pairs of groups were further compared using the Mann-Whitney U test.
Differences were considered significant if P was 0.05.

RESULTS

Construction of UL47 deletion and repair viruses. To gain
more information about the role of VP8 during BHV-1 infec-
tion, we constructed a deletion mutant virus carrying a marker
gene encoding EYFP in place of the UL47 ORF and the
corresponding rescue virus (Fig. 1A). The UL47-null virus
demonstrated impaired growth in MDBK cells, which were
used for initial rounds of plaque purification. Therefore, the
last round of BHV1-�UL47 plaque purification and prepara-
tion of all viral stocks used in the present study were carried
out in FBT cells. The titers of the BHV1-�UL47 stocks pro-
duced in FBT cells were routinely 2- to 4-fold higher than
those obtained in MDBK cells, and these titers were approxi-
mately 100-fold lower compared to titers of WT BHV1 or
BHV1-UL47R stocks produced in either of these cell lines.

The correct genotypes of the recombinant viruses were con-
firmed by Southern hybridization. Purified viral DNA was cut
with HindIII, and the digestion products were separated
through a 0.8% agarose gel, transferred to a nylon membrane,
and hybridized with [�-35P]dCTP-labeled UL47-, EYFP-, or
UL49-specific probes. The UL49 gene is located in the 8,831-bp
HindIII H fragment of the BHV-1 genome. As expected, the
UL49-specific probe, which was used as the DNA loading
control, hybridized to the 8,831-bp fragment present in the
HindIII restriction profiles of WT BHV-1, BHV1-�UL47, and
BHV1-UL47R DNA (Fig. 1B). The cloning strategy used for
the construction of the UL47 deletion and repair viruses led to

the incorporation of an additional HindIII site located in the
UL48-UL47 intergenic region (Fig. 1A). This reduced the size
of the UL47 gene-containing HindIII K fragment from 3,737
bp in the WT BHV-1 genome to 2,995 bp in the BHV1-UL47R
genomic DNA. As predicted, fragments of approximately 3,737
bp and 2,995 bp were detected by the UL47-specific probe in
the HindIII restriction profiles of the WT BHV-1 DNA and
BHV1-UL47R DNA, respectively (Fig. 1B). This probe did not
show any hybridization with the BHV1-�UL47 DNA, confirm-
ing deletion of the UL47 gene (Fig. 1B). According to the
predicted HindIII profile of the BHV1-�UL47 genome, the
EYFP ORF is located within the 1,496-bp HindIII L fragment.
As anticipated, the restriction pattern of the BHV1-�UL47
DNA demonstrated the presence of the 1,496-bp fragment
revealed by the EYFP-specific probe, whereas this probe did
not hybridize to the WT BHV-1 or BHV1-UL47R restriction
fragments (Fig. 1B). Correct recombination was further con-
firmed by PCR amplification and sequencing of the genetically
manipulated regions of the BHV1-�UL47 and BHV1-UL47R
genomes.

Effect of the UL47 deletion on growth properties of BHV-1.
To further verify the deletion and repair of the UL47 gene and
compare the expression kinetics of different viral proteins, a
time course experiment of BHV-1 infection was carried out for
WT BHV-1, BHV1-�UL47, and BHV1-UL47R. MDBK cells
were infected at a MOI of 2 and harvested every 5 h up to 25 h
postinfection. Equal amounts of whole-cell extracts were sub-
jected to SDS-PAGE and immunoblotting with antibodies spe-
cific for VP8, GFP, VP16, bICP4, gD, and �-actin (loading
control) (Fig. 2A). VP8 displayed similar expression kinetics
for WT BHV-1 and BHV1-UL47R but was absent from lysates
of BHV1-�UL47-infected cells. EYFP was expressed in
BHV1-�UL47-infected cells in place of VP8. Importantly,
steady-state levels of VP16 were similar in cells infected with

FIG. 1. Genetic characterization of the UL47 deletion mutant and revertant viruses. (A) Schematic representations of the WT BHV-1,
BHV1-�UL47, and BHV1-UL47R genomes. The ruler on the top shows DNA size in base pairs. HindIII recognition sites located within the
detailed genomic fragment are indicated. The cloning strategy used for the construction of the UL47 deletion and repair viruses led to the
incorporation of an additional HindIII site located in the UL48-UL47 intergenic region. IR, inverted repeat; TR, tandem repeat. (B) Southern blot
analysis of WT BHV-1, BHV1-�UL47, and BHV1-UL47R DNA digested with HindIII. [�-32P]dCTP-labeled UL47, EYFP, or UL49 gene-derived
PCR fragments were used as probes. The positions of standard DNA markers (in kilobase pairs) are depicted to the left of the leftmost blot.
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WT BHV-1, BHV1-�UL47, or BHV1-UL47R, confirming that
expression of this protein was not affected by the UL47 dele-
tion. The same applied to an immediate-early gene product,
bICP4. In contrast, the expression of gD was significantly re-
duced in BHV1-�UL47-infected cells, while it was expressed
with earlier kinetics compared to cells infected with the WT or
revertant viruses. To analyze additional viral proteins, infec-
tion of cells and preparation of total cell extracts were repeated
according to the same protocol, and these samples were sub-
jected to Western blotting. Immunoblotting with gD-specific
antibody confirmed the previous results, demonstrating de-
creased levels of this protein in the BHV1-�UL47-infected
cells (Fig. 2B). Densitometry data demonstrated that at late
stages of infection (20 to 25 h postinfection), the levels of gD
protein in the BHV1-�UL47-infected cells were about 40% of
those detected in the WT and revertant virus-infected cells.
Analysis of these samples with gC- and gB-specific antibodies
showed that, like gD, gC and gB were expressed with earlier
kinetics in the UL47-null virus-infected cells. All glycoproteins
tested were readily detectable in the 5-h BHV1-�UL47-in-
fected cell extract, whereas in WT BHV-1 and BHV1-UL47R-
infected cells, they were not detected until 10 h postinfection.
While gC was expressed to WT virus levels by BHV1-�UL47
throughout the course of infection, the amount of gB ex-
pressed by this virus was slightly reduced at 25 h postinfection.
Another protein that showed significantly decreased expres-
sion as a result of the UL47 deletion was VP22. Densitometry
showed that the VP22 protein content was reduced by �54%.
Like the three glycoproteins, VP22 was expressed with earlier
kinetics. In contrast, the kinetics of expression of the major
capsid protein, VP5, were similar for these three viruses. No
reactivity with any of the antibodies against viral proteins was
detected in mock-infected cell extracts (Fig. 2A and B).

During plaque purification, BHV1-�UL47 demonstrated a
reduced plaque size. To study this phenomenon in more detail,

MDBK cells were infected with WT BHV-1, BHV1-�UL47, or
BHV1-UL47R at a low MOI, and viral plaques were analyzed
48 h postinfection. Relative quantitative analysis of viral
plaque diameters showed that compared to that of WT BHV-1,
the average diameter of BHV1-�UL47-induced plaques was
reduced by 43% (P  0.0001), and the defect caused by the
UL47 ORF deletion was corrected in cells infected with the
revertant virus (Fig. 3A). Since the titers of BHV1-�UL47
stocks were more than 100-fold lower than those of the WT or
revertant viruses, the reduced plaque size observed with the
UL47 deletion mutant could be primarily due to a defect in
virus assembly and egress, rather than impaired cell-to-cell
spread. To test the influence of the UL47 deletion on viral
assembly, we carried out viral growth curves for WT BHV-1,
BHV1-�UL47, and BHV1-UL47R. Duplicate monolayers of
MDBK cells were infected at a MOI of 1, and cell culture
medium and cells were harvested separately at the indicated
times postinfection. From 10 h postinfection, the intracellular
BHV1-�UL47 titers were constantly more than 100-fold lower
than the WT BHV-1 titers (Fig. 3B). The difference was even
more pronounced when the extracellular virus titers were an-
alyzed. At 15 h and 20 h postinfection, the UL47-null virus
demonstrated more than 1,000-fold reduction in the amount of
infectious viral particles released into the cell culture medium
compared to the WT virus (Fig. 3C). The growth defect exhib-
ited by the UL47 deletion mutant was rescued in cells infected
with the revertant virus (Fig. 3B and C), indicating that this
defect is specific to the deletion of the UL47 gene.

Taken together, these data demonstrate the following. (i)
BHV-1 replication is significantly impaired in the absence of
VP8. (ii) Deletion of the UL47 ORF leads to earlier expression
of some viral proteins (gD, gC, gB, and VP22), suggesting that
VP8 may influence temporal regulation or the level of expres-
sion of the corresponding genes. (iii) The gD and VP22 protein
levels are reduced at late stages of BHV1-�UL47 infection.

FIG. 2. Influence of the UL47 gene deletion on viral protein expression. (A) MDBK cells were infected with WT BHV-1, BHV1-�UL47, or
BHV1-UL47R at a MOI of 2 or mock infected. The cells were harvested at 5-h intervals from 5 h to 25 h postinfection, and equal amounts of total
cell lysates were analyzed by SDS-PAGE and immunoblotting with antibodies specific for VP8, GFP, VP16, bICP4, gD, and �-actin. (B) Infections
were repeated, and new total cell lysates were immunoblotted with antibodies against gD, gC, gB, VP22, VP5, and �-actin.
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The stability of gD is affected by the absence of VP8 in
BHV-1-infected cells. Unlike VP22, which is not required for
BHV-1 replication in cell culture (28, 42), the US6 gene prod-
uct, gD, was shown to be essential (42). Hence, the altered
expression of gD could account to some extent for the UL47-
null virus growth defect. To test whether the decrease in gD
protein levels in the UL47-null virus-infected cells was related
to changes at the transcriptional level, we carried out qPCR,
comparing the gD mRNA transcript levels over time in MDBK
cells infected with 5 PFU/cell of WT BHV-1, BHV1-�UL47, or

BHV1-UL47R. Since the protein levels of bICP4 were not
altered by the UL47 deletion (Fig. 2A), bICP4 mRNA tran-
scripts were included in the analysis for comparison. Further-
more, the UL46 mRNA levels were compared, as this gene is
located downstream of the introduced deletion. As shown in
Fig. 4A, in line with the earlier kinetics of gD protein expres-
sion in infected cells in the absence of VP8, gD mRNA levels
were increased 2.6-fold at 3 h postinfection, 6.7-fold at 4 h
postinfection, and 6.2-fold at 5 h postinfection in BHV1-
�UL47-infected cells compared to the WT virus-infected cells.
Although the gD mRNA levels appeared to be moderately
increased in the revertant virus-infected cells at early stages of
infection, these differences were not statistically significant. At
10 h, 15 h, and 20 h postinfection, the gD mRNA levels were
very similar among these three viruses. In agreement with the
immunoblotting data, the bICP4 mRNA transcript levels in the
UL47-null virus-infected cells were comparable to those in
the WT and revertant virus-infected cells throughout the
course of infection (Fig. 4A). Importantly, the UL46 mRNA
levels were also similar for the three viruses (Fig. 4A), indicat-
ing that the introduced deletion did not alter the level of UL46
gene transcription. From these results, we draw the following
conclusions. (i) The increased gD protein levels detected in the
UL47-null virus-infected cells at 5 h postinfection correlate
with elevated gD mRNA levels at early times in infection. (ii)
Deletion of the UL47 ORF does not affect the expression of gD
at the transcriptional level at late stages of infection.

To determine whether VP8 expression is required to main-
tain the stability of gD during infection, MDBK cells were
infected for 8 h 30 min with WT BHV-1, BHV1-�UL47, or
BHV1-UL47R at a MOI of 5 and pulse-labeled for 40 min with
[35S]methionine/cysteine. Total cell lysates were prepared from
cells, which were either harvested immediately (0 min) or
chased for 30, 60, 120, or 180 min. Each lysate was split into
two equal aliquots, and the paired aliquots were used to re-
cover gD or gC by immunoprecipitation. Glycoprotein D (Fig.
4B) and gC (Fig. 4C) were expressed as 58-kDa and 65-kDa
precursors, respectively. These precursor polypeptides were
completely processed into mature forms after 60 min of chase.
Therefore, the amount of mature 65-kDa gD and mature 86-
kDa gC at each time point was measured by densitometry, and
the values obtained were compared to the corresponding val-
ues for 60 min of chase, which were set at 100% (baseline).
Two hours after the established set point, the amount of gD
in WT BHV-1- and BHV1-UL47R-infected cells was close to
the baseline level, whereas the UL47 deletion mutant
showed a reduction of gD protein level by 28.9% in the same
time interval (Fig. 4B). In contrast, the gC protein levels
remained stable from 60 min to 180 min of chase in cells
infected with any of these three viruses (Fig. 4C). These data
indicate that the stability of gD, but not gC, is affected in the
absence of VP8.

Characterization of BHV1-�UL47 virions. To ascertain
whether the loss of VP8 affected the packaging of other viral
proteins into the virion, we purified extracellular viral particles
from MDBK cells infected with WT BHV-1, BHV1-�UL47, or
BHV1-UL47R and analyzed solubilized virion proteins by
SDS-PAGE. The Coomassie blue staining results showed that
the overall profile of BHV1-�UL47 virus particles was similar
to those of the WT and revertant viruses, with the exception of

FIG. 3. Growth characteristics of WT BHV-1, BHV1-�UL47, and
BHV1-UL47R in MDBK cells. (A) After 48 h of incubation under a
semisolid medium, MDBK cells infected with WT BHV-1, BHV1-
�UL47, or BHV1-UL47R were fixed with ethanol-acetic acid, and viral
plaques were detected using a gB-specific MAb as described in Mate-
rials and Methods. The mean diameters of 50 discrete plaques per
virus were determined. The data are represented as percentages of the
wild-type BHV-1 values. Error bars represent the standard deviations.
(B and C) Growth curves of the intracellular virus (B) and extracellular
virus (C). Duplicate cultures of MDBK cells were infected with WT
BHV-1, BHV1-�UL47, or BHV1-UL47R at a MOI of 1, and cell
culture medium and cells were harvested separately at the indicated
time points. The titer of infectious virus progeny in each sample was
determined by plaque assay on MDBK cells.

450 LOBANOV ET AL. J. VIROL.



the absence of VP8 and increased amounts of proteins with
molecular masses of about 44 kDa and 34 kDa (Fig. 5A). To
perform relative quantitative analysis, the proteins of purified
virions resolved by SDS-PAGE were transferred to nitrocellu-
lose membranes, and each membrane was used to detect a
protein of interest and VP5 to normalize the amount of input
virus. After densitometry, the normalized values for BHV1-
�UL47 and BHV1-UL47R virion proteins were compared to
the corresponding values for the WT virus, which were set at
100%. The representative images of the blots are illustrated in

Fig. 5B. The lower steady-state protein levels of gD in the
UL47-null virus-infected cells correlated with a reduction in
incorporation of this protein into virions. Specifically, the pack-
aging of gD into BHV1-�UL47 virions was reduced by 36%.
The gB content in BHV1-�UL47 virions was reduced by 24%
compared to that in the WT virions. Remarkably, the amount
of gC incorporation into the UL47 deletion mutant virions was
reduced by 68%, despite the fact that gC was expressed at WT
levels in BHV1-�UL47-infected cells. The VP22 packaging
into the UL47 deletion mutant virions was reduced by 62.5%

FIG. 4. Influence of UL47 gene deletion on gD, bICP4, and UL46 mRNA levels and gD and gC protein stability. (A) Analysis of gD, bICP4,
and UL46 mRNA levels during the course of infection with WT BHV-1, BHV1-�UL47, or BHV1-UL47R. Duplicate monolayers of MDBK cells
were infected with the viruses at a MOI of 5 or mock infected, and total RNA was extracted from the cells collected at different time points after
infection (from 3 h to 20 h postinfection [hpi]). After genomic DNA removal and reverse transcription, relative gD, bICP4, and UL46 mRNA levels
were quantified by qPCR using 18S rRNA internal controls to normalize template input. The statistical significance of the different values is shown
as follows: *, P  0.05; **, P  0.01; ***, P  0.001. (B and C) Evaluation of gD and gC stability, respectively, in pulse-chase experiments. MDBK
cells were infected for 8 h 30 min with 5 PFU/cell of WT BHV-1, BHV1-�UL47, or BHV1-UL47R or mock infected, pulse-labeled for 40 min with
[35S]methionine/cysteine, and chased for 0, 30, 60, 120 and 180 min (180�) with medium containing nonradioactive methionine and cysteine. Each
total cell lysate was divided into two equal aliquots, and paired aliquots were subjected to immunoprecipitation with either gD-specific or
gC-specific MAb. The protein-antibody complexes were analyzed by SDS-PAGE and autoradiography. The values on the right side of the panels
are the molecular masses of precursor and mature forms of the proteins. The amount of mature 65-kDa gD and mature 86-kDa gC at each time
point was measured by densitometry. Since precursor polypeptides were completely processed into mature forms after 60 min of chase, the
obtained values were compared to the corresponding values for 60 min of chase that were set at 100% (bottom of the panels). The values on the
left side of the panels are molecular masses in kilodaltons.
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(Fig. 5B). This agrees with the lower overall expression of this
protein in BHV1-�UL47-infected cells detected earlier by im-
munoblotting and the evidence suggesting that the levels of
VP22 incorporation into the tegument are primarily regulated
by the abundance of the protein in the infected cell (25).
Among the proteins analyzed by this method, only VP16 was
incorporated into the UL47 deletion mutant virions to WT
levels. The recruitment efficiency of the proteins examined into
the revertant virus particles was very similar to that in the WT
virus, indicating that the packaging defects observed with the
UL47-null virus were due to the loss of VP8.

The infectivity of BHV1-�UL47 virions was analyzed by

comparison of the particle-to-PFU ratio. The VP5 protein
content in preparations of gradient-purified virions of WT
BHV-1, BHV1-�UL47, and BHV1-UL47R was determined by
Western blotting and densitometry (Fig. 5C, top panel). The
volumes of the purified viral stocks were adjusted to the same
concentration of VP5, and equal aliquots were withdrawn for
titration by plaque assay and quantitation of viral genomes by
qPCR. Although there were very similar numbers of viral ge-
nome copies in the virus dilutions normalized to VP5 (Fig. 5C,
right bottom panel), the BHV1-�UL47 titers were approxi-
mately 10-fold lower than those of the WT and revertant vi-
ruses (Fig. 5C, left bottom panel). Accordingly, there was a

FIG. 5. Analysis of the influence of the UL47 gene deletion on virion composition and infectivity. (A) Solubilized proteins of purified
extracellular virions of WT BHV-1, BHV1-�UL47, or BHV1-UL47R were analyzed by SDS-PAGE and Coomassie blue staining. The positions of
VP5 and VP8 proteins are indicated to the right of the gel. The bands that are present at larger amounts in the BHV1-�UL47 protein profile are
indicated by asterisks. The values on the left side of the panel are molecular masses in kilodaltons. (B) The same samples shown in panel A were
analyzed by immunoblotting with antibodies against gD, gB, gC, VP16, and VP22. The major nucleocapsid protein, VP5, was simultaneously
detected on each membrane to normalize the protein input. Blots were analyzed by densitometry, and average normalized values of two
independent experiments are shown as percentages of the corresponding values for the WT virus (below the blots). (C) Relative particle-to-PFU
ratios. The volumes of the purified virion preparations were adjusted to normalize the VP5 protein content according to the densitometry results
(top panel). The densitometry values expressed as a percentage of WT virus are averages from samples run in duplicate, whereas only one set of
bands is shown. The concentration of infectious virus in the obtained preparations was determined by plaque assay (bottom left panel) and
compared to the relative number of viral genome copies measured by qPCR (bottom right panel).
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�13-fold difference in the particle-to-PFU ratios between
BHV1-�UL47 and the WT and revertant viruses. These data
suggest that the infectivity of the BHV1-�UL47 virions is
slightly lower than that of the WT or BHV1-UL47R virus
particles.

Thus, the above data indicate that during BHV-1 infection,
the packaging of gD, gB, and particularly gC and VP22, into
virions is reduced in the absence of VP8, whereas the virion
incorporation of VP16 is not affected. Furthermore, the re-
duced incorporation of glycoproteins correlated with slightly
lower infectivity of BHV1-�UL47 virions detected by particle-
to-PFU ratio analysis.

Ultrastructural characterization of BHV1-�UL47 virion
morphogenesis. The influence of the UL47 ORF deletion on
virion morphogenesis was analyzed by electron microscopy of
MDBK cells infected for 14 h with 5 PFU/cell of WT BHV-1,
BHV1-�UL47, or BHV1-UL47R. Analysis of multiple infected
cells showed that all major steps of herpesvirus virion matura-
tion were readily detectable in cells infected with any of these
three viruses. Although at apparently smaller amounts than in
the WT or revertant virus-infected cells, viral capsids were
present in the nuclei (Fig. 6A) and in the cytoplasm (Fig. 6B)
of UL47-null virus-infected cells, indicating that VP8 is not
required for the process of nucleocapsids traversing the nu-
clear envelope during nuclear egress. The presence of envel-
oped virions in the cytoplasm of BHV1-�UL47-infected cells
(Fig. 6C) implied that VP8 is also not critical for the secondary
cytoplasmic envelopment step. In agreement with the viral
growth characteristics, the UL47 deletion mutant virus-in-
fected cells were surrounded by very few extracellular virions
(Fig. 6D) compared to the WT (Fig. 6E) or revertant (Fig. 6F)
virus-infected cells where multiple groups of virions were de-
tected across the cell periphery.

A comparative analysis of numerous viral particles showed
that virions of the WT and revertant viruses had a more pro-
nounced spherical shape, whereas contours of the UL47-null
virus particles paralleled the icosahedral capsid shape (Fig. 7).
Furthermore, while in the tegument of the WT and revertant
virus particles, a more electron-dense layer underlying the viral
envelope was distinguished, such layer was not readily seen in
the BHV1-�UL47 virion tegument. These observations indi-
cate that the loss of VP8, which is the most abundant protein
of the BHV-1 tegument, alters the virion morphology to a level
detectable by electron microscopy.

The UL47-null virus is avirulent in cattle. To examine the
BHV1-�UL47 phenotype in vivo, BHV-1-seronegative calves
were challenged intranasally with either BHV1-�UL47 or WT
BHV-1 or left untreated. Calves infected with WT BHV-1, but
not the BHV1-�UL47-infected or control animals, developed
elevated body temperatures, weight loss, and other clinical
symptoms of BHV-1 infection, including mild nasal lesions
(not shown). Furthermore, WT BHV-1-infected calves began
shedding virus on day 2 after challenge and continued to shed
for 10 subsequent days, whereas no virus could be detected in
the nasal secretions of the animals infected with the UL47-null
virus or control animals (Fig. 8A). Similarly, following reacti-
vation from latency, only the WT virus-infected calves shed
virus (Fig. 8A). These data showed that the UL47-null virus is
avirulent in cattle.

From day 12 after challenge and up to day 64, the WT

virus-infected calves maintained a mean serum neutralizing
antibody titer of 1:54, and as expected, the titer significantly
increased upon dexamethasone treatment (P  0.01) (Fig. 8B).
In contrast, the UL47-null virus-infected animals did not de-
velop virus neutralizing antibodies. Similarly, analysis of gD-spe-
cific serum antibody titers demonstrated that WT virus-infected
animals became seropositive on day 12 after challenge, and a
minor reduction of the titers during latency was followed by a
significant increase 2 weeks after the first dexamethasone in-
jection (P  0.01). In contrast, the UL47-null virus did not
induce detectable gD-specific antibodies (Fig. 8C). Although
there were some differences in the frequency of antigen-in-
duced IFN-�-secreting cells, the trends were similar for gD,
gC, and gB (Fig. 8D, E, and F). In the WT virus-infected
group, the frequency of IFN-�-secreting cells was constantly
significantly higher than that in the control group, and the
number of IFN-�-secreting cells increased after reactivation of
the latent infection (P  0.01). In contrast, in the BHV1-
�UL47-infected group, a significant increase in the number of
antigen-induced IFN-�-secreting cells was registered only on
day 14 after challenge (P  0.05), whereas on other days the
numbers of IFN-�-secreting cells were close to control levels,
and the increase after dexamethasone treatment was not sta-
tistically significant. Thus, the UL47-null BHV-1 failed to in-
duce significant humoral or lasting cellular immunity in calves.

DISCUSSION

In this study, we constructed a BHV-1 mutant defective in
expression of VP8 (BHV1-�UL47) to perform a preliminary
characterization of the role of this abundant tegument protein
in virus infection. Our results have shown that BHV1-�UL47
exhibited a severe growth defect in MDBK cells characterized
by reduced plaque size and more than 100-fold decrease in
extracellular and intracellular viral titers compared to the titer
of the WT or revertant viruses. This growth defect was not
specific for MDBK cells, as a similar reduction in titers was
observed in FBT cells (not shown). Furthermore, the in vivo
data presented here demonstrate that a highly virulent BHV-1
challenge strain, strain 108 (27), failed to establish a productive
infection in cattle as a result of the UL47 gene deletion. We
reported previously that another tegument protein of BHV-1,
VP22 encoded by the UL49 gene, is also an important viru-
lence factor, as a corresponding deletion mutant was attenu-
ated in cattle (27). However, infection with this virus elicited
low serum neutralizing antibody titers, which were partially
protective against WT BHV-1 challenge. In contrast, BHV1-
�UL47 was unable to induce neutralizing antibody or cell-
mediated responses in experimentally infected calves, suggest-
ing that VP8 is indispensable for BHV-1 replication in its
natural host.

Intracytoplasmic aggregates of partially tegumented capsids
were reported to be present in cells infected with a PrV de-
fective in expression of the UL47 gene product (20). This
suggests that the UL47 gene product of PrV plays an essential
role in final cytoplasmic envelopment. Our ultrastructural
study of BHV1-�UL47-infected MDBK cells revealed small
amounts of intracellular and extracellular virions, but no ap-
parent defect in the secondary cytoplasmic envelopment. Sim-
ilar to our data, a UL47 gene-deleted ILTV displayed signifi-
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cantly reduced amounts of intracellular and extracellular
virions in the absence of detectable inhibition of any particular
virion maturation step (13). These data suggest that the repli-
cation deficiency of the UL47 gene-deleted BHV-1 and ILTV

is primarily associated with the lack of some unknown non-
structural function(s) of these homologues.

After virus entry, the majority of the tegument proteins are
released into the cytoplasm of infected cells, which allows them

FIG. 6. Transmission electron microscopy of cells infected with BHV1-�UL47, WT BHV-1, or BHV1-UL47R. MDBK cells were infected for 14 h
with 5 PFU/cell of BHV1-�UL47 (A to D), WT BHV-1 (E), or BHV1-UL47R (F). (A and B) Nucleocapsids in the nucleus (N) and the cytoplasm
(arrows), respectively, of the BHV1-�UL47-infected cells as evidence of unimpaired nuclear egress. (C) Apparently normal secondary envelopment of
BHV1-�UL47 virions in the cytoplasm. (D to F) Very few extracellular viral particles were detected around the UL47-null virus-infected cells compared
to the WT (E) or revertant (F) virus-infected cells, which were surrounded by numerous groups of extracellular virions. Bars, 200 nm.

454 LOBANOV ET AL. J. VIROL.



to play a key role in establishing conditions for efficient viral
replication. Essential early functions were assigned to the
UL41-encoded virion host shutoff protein (21, 22, 45), and the
UL48 gene product, VP16, which initiates viral replication
through the recruitment of host factors to the promoters of
viral immediate-early genes (4, 34, 36). BHV-1 VP8 is the most
abundant component of mature viral particles (5). The large
amount of this protein in the tegument suggests an important
early function in addition to its structural role. In agreement
with this assumption, we and others have shown that VP8,
which is a true late protein, accumulates in the nucleus imme-
diately after viral entry (49, 52). The same phenomenon has
been demonstrated for the HSV-1 UL47 counterpart (35).
Early studies suggested a modulatory role of the HSV-1 UL47
gene product toward the VP16 transcription activator function,
as HSV-1 lacking the UL47 gene was dramatically impaired in
its ability to induce immediate-early promoter-regulated ex-
pression of a reporter gene (54, 55). The results presented here
did not confirm such a modulatory role of BHV-1 VP8, as
similar levels of immediate-early bICP4 mRNA transcripts
were detected in cells infected with BHV1-�UL47, WT, or
revertant viruses throughout the course of infection, and ac-
cordingly, bICP4 protein was expressed with WT virus kinetics
in BHV1-�UL47-infected cells. Furthermore, equal amounts
of VP16 were packaged into extracellular virions of these three
viruses and, hence, were available for its early function. These
data suggest that the VP16 activator function was not affected
by the absence of VP8.

The BHV1-�UL47 phenotype in infected cells was also char-
acterized by earlier expression of gD, gC, gB, and VP22 and
reduced intracellular protein levels of gD and VP22 at later
stages of infection compared to the WT or revertant virus-
infected cells. For gD, we have shown that the earlier expres-
sion of the protein in BHV1-�UL47-infected cells correlated
with significantly elevated gD mRNA levels at very early stages
of infection. Unlike VP22, gD is essential for the viability of
BHV-1 in cell culture (42), suggesting that the low gD protein
levels could account at least in part for the UL47 deletion
mutant growth defect. We have shown that whereas gD mRNA
synthesis and stability in BHV1-�UL47-infected cells remained
normal, the stability of the protein was reduced. The reason for
the increased turnover of gD in the absence of VP8 is not
known. However, our preliminary studies have shown that gD

is dispersed in the cytoplasm in a speckle-like pattern in UL47-
null virus-infected cells at early stages of infection, whereas in
the WT or revertant virus-infected cells, the localization of gD
in a cytoplasmic area corresponding to the Golgi complex
location is more pronounced (not shown). These data raise the
possibility that VP8 may alter the localization of gD or the sites
of gD mRNA translation in infected cells or protect gD from
degradation by some other means.

Although we did not reveal any apparent defect of BHV1-
�UL47 virion maturation by electron microscopy, comparative
biochemical analysis of the mutant, WT, and revertant virus
particles showed that the UL47 gene deletion altered the pro-
tein composition of the BHV-1 virion. Thus, gD and gB pro-
tein levels were moderately decreased in gradient-purified
BHV1-�UL47 virions compared to the levels in the WT or
revertant virus particles, and gC and VP22 virion packaging
was significantly reduced in the absence of VP8 (Fig. 5B).
While the reduced virion incorporation of gD and VP22 may
be primarily associated with the lower steady-state levels of
these proteins in the UL47-null virus-infected cells, the defect
in gC packaging suggests that the expression of VP8 is impor-
tant for maintaining the WT levels of gC incorporation into the
virion, as gC was expressed normally in BHV1-�UL47-infected
cells. Given the evidence that gB, gC, and gD mediate virus
attachment and penetration into the cell (26), the decrease in
packaging of these glycoproteins into BHV1-�UL47 virions is
consistent with a slightly lower infectivity of BHV1-�UL47
viral particles detected by comparative particle-to-PFU ratio
analysis. The lower rate of gB and gC packaging into BHV1-
�UL47 virions is in contrast to �50% increase in gB and gC
levels detected previously in gradient-purified virions of a
HSV-1 UL47 deletion mutant (54). Interestingly, deletion of
the UL49 gene from the HSV-1 genome led to a reduction of
gD and gE virion packaging (10), whereas our experiments
with a UL49 gene-deleted BHV-1 have shown that the lack of
the UL49 gene product does not alter the gD virion content
(unpublished data). These observations indicate that while de-
letion of the UL49 gene has a more detrimental effect on
HSV-1 virion composition than deletion of the UL47 gene
does, the opposite situation exists during BHV-1 infection.
Since it is believed that an intricate network of protein-protein
interactions with significant redundancy drives tegumentation
and secondary envelopment in herpesviruses (reviewed in ref-

FIG. 7. Representative images of the extracellular WT BHV1, BHV1-�UL47, and BHV1-UL47R virions. Compared to the UL47-null virus
particles, virions of the WT and revertant viruses were characterized by a more pronounced spherical shape and the presence of a more
electron-dense layer of the tegument underlying the viral envelope. Bars, 50 nm.
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erence 33), the above difference may be explained in part by
the different relative abundances of these proteins in the teg-
ument, as the UL49 gene product is the most abundant protein
in the HSV-1 tegument (11). The composition of BHV1-
�UL47 virions and potential physical interactions of BHV-1
VP8 with viral glycoproteins will be further addressed in future
studies.

In this study, we demonstrated that UL47 gene-deleted
BHV-1 exhibited a severe growth defect in permissive cells and
was avirulent in cattle where it failed to induce clinical disease
or significant levels of humoral or cellular immunity. Taken
together, our results suggest that the growth defect is predom-
inantly associated with some still unknown nonstructural func-
tion of BHV-1 VP8. This function did not appear to be asso-

FIG. 8. Analysis of the responses of calves to challenge with WT BHV-1 or BHV1-�UL47. Two groups of five BHV-1-seronegative calves were
challenged intranasally with 4 � 106 PFU of either BHV1-�UL47 or WT BHV-1. The third group (n � 5) was left uninfected as a negative control.
On day 57 after challenge (latency), dexamethasone treatment was initiated to reactivate the latent virus (black arrow pointing down). (A) Nasal
virus shedding after the challenge. The swabs were collected at the indicated intervals, and virus titration was performed by plaque assay on MDBK
cells. The data are presented as means � standard errors (error bars). (B) Serum BHV-1 neutralization titers in calves after challenge.
Virus-neutralizing titers are expressed as the reciprocal of the highest dilution that caused a 50% reduction in the number of plaques relative to
the control. Each data point represents an individual animal, and the line is the median. (C) gD-specific antibody titers in bovine sera collected
at indicated time points after challenge. Results are the reciprocal of the highest dilution resulting in a reading of 2 standard deviations above the
value of the negative-control serum (pooled serum samples collected before challenge). Data are represented as median with ranges (error bars).
(D to F) Numbers of BHV-1-specific IFN-�-secreting PBMCs in response to in vitro restimulation with tgD, gC, or gB, respectively. Results are
expressed as the difference between the number of IFN-�-secreting cells per 106 cells in the glycoprotein-stimulated wells and the number of
IFN-�-secreting cells per 106 cells in wells with medium. Each data point represents an individual animal, and the median values are indicated by
horizontal bars.
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ciated with an effect of VP8 on VP16, as our study did not
reveal any changes in the VP16 transactivator function in
UL47-null BHV-1-infected cells.
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