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The alphaherpesvirus Us4 gene encodes glycoprotein G (gG), which is conserved in most viruses of the
alphaherpesvirus subfamily. In the swine pathogen pseudorabies virus (PRV), mutant viruses with internal
deletions and insertions in the gG gene have shown no discernible phenotypes. We report that insertions in the
gG locus of the attenuated PRV strain Bartha show reduced virulence in vivo and are defective in their ability
to spread from cell to cell in a cell-type-specific manner. Similar insertions in the gG locus of the wild-type PRV
strain Becker had no effect on the ability of virus infection to spread between cells. Insertions in the gG locus
of the virulent NIA-3 strain gave results similar to those found with the Bartha strain. To examine the role of
gG in cell-to-cell spread, a nonsense mutation in the gG signal sequence was constructed and crossed into the
Bartha strain. This mutant, PRV157, failed to express gG yet had cell-to-cell spread properties indistinguish-
able from those of the parental Bartha strain. These data indicated that, while insertions in the gG locus result
in decreased cell-to-cell spread, the phenotype was not due to loss of gG expression as first predicted. Analysis
of gene expression upstream and downstream of gG revealed that expression of the upstream Us3 protein is
reduced by insertion of lacZ or egfp at the gG locus. By contrast, expression of the gene immediately down-
stream of gG, Us6, which encodes glycoprotein gD, was not affected by insertions in gG. These data indicate
that DNA insertions in gG have polar effects and suggest that the serine/threonine kinase encoded by the Us3
gene, and not gG, functions in the spread of viral infection between cells.

The alphaherpesviruses comprise a large number of medi-
cally and economically important viruses that include the hu-
man pathogens herpes simplex virus (HSV) and varicella-zos-
ter virus, the bovine pathogen bovine herpesvirus 1 (BHV-1),
and the swine pathogen pseudorabies virus (PRV). Alphaher-
pesviruses infect cells by two general mechanisms: free virions
can bind to specific receptors on the surface of the cell, result-
ing in the fusion of the virus envelope with the cell membrane,
or virus infection can spread directly from an infected cell to an
adjacent, uninfected cell (73). The latter process is referred to
as cell-to-cell spread. Cell-to-cell spread can be distinguished
from infection by free virions because the former can occur in
the presence of neutralizing antibody, whereas the latter can-
not. Cell-to-cell spread of virus infection is important for the
spread of infection through tissues and is utilized in the trans-
synaptic passage of virus through the nervous system (reviewed
in reference 16). The spread of virus infection from cell to cell
allows evasion from the neutralizing antibodies in an immu-
nized host, for example, during reactivation from latency. Fur-
thermore, the spread of infection through the formation of
syncytia can occur very quickly. Uninfected cells are recruited
into syncytia in much less time than it takes for an infected cell
to produce virions. In the face of a competent immune system,
it is advantageous for the virus to spread quickly.

Cell-to-cell spread of alphaherpesvirus infection can occur
by at least two processes. In the first, the plasma membrane of
the infected cell fuses with that of adjacent, uninfected cells,
resulting in the formation of giant, multinucleated syncytia
(74). Syncytium formation occurs in the lesions caused by
PRV, HSV, and varicella-zoster virus in their natural hosts
(67). Not all cell types fuse when infected by these viruses,
indicating that a specific cellular environment is required. In
the second process, infection is thought to spread at cell junc-
tions without the formation of a syncytium (14). This nonsyn-
cytial form of cell-to-cell spread is often seen in cultured cells.
The molecular mechanism by which cell-to-cell spread of in-
fection occurs has been shown to be different from the process
of infection by free virions in that the specific requirements for
viral membrane proteins differ for each process. The spread of
infection from cell to cell requires a much larger repertoire of
viral proteins than does infection by free virions. Infection by
free virions requires glycoprotein B (gB), gD, and the gH/gL
complex (73). Similarly, spread from cell to cell also requires
gB and gH/gL. The requirements for gD in this process are
variable, depending on the alphaherpesvirus (11, 14, 52, 58, 62,
77, 81).

Viral proteins gB, gD, gE/gI, gH/gL, gK, gM, UL20, UL24,
and UL45 all participate in the spread of HSV infection be-
tween cells (reviewed in references 74 and 77). Precisely how
these molecules function in this process is unclear. Deletion of
gE and gI has no measurable effect on the entry of virus into
cells yet has profound effects on cell-to-cell spread of infection
in certain cell types (2, 14, 15, 79, 88). Recent evidence sug-
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gests that gE and gI sort virions to epithelial cell junctions,
thereby facilitating cell-to-cell spread (24, 47, 86). Mutations in
gB, gK, UL20, or UL24 result in viruses that form syncytia on
many cultured cell lines (74). Turner and colleagues have used
a Cos cell transfection system to study the requirements for
HSV type 1 (HSV-1) syncytium formation (81). These studies
have shown that expression of gB, gD, gH, and gL is necessary
and sufficient to mediate membrane fusion. Similar results
were obtained when comparable experiments were performed
using the analogous glycoproteins from HSV-2 (51). These
studies also highlight the viral fusion machinery as a tightly
regulated complex during a viral infection. For example, infec-
tion of Cos cells with wild-type virus does not result in exten-
sive syncytium formation, despite high-level expression of gB,
gD, gH, and gL in the membranes of infected cells. There is
good evidence that gE/gI, gK, gM, and UL45 serve as regula-
tors of the viral fusion machinery and that UL20 is required for
efficient processing of gK (2, 11, 12, 17, 20, 22, 28, 31, 61, 88).

We have identified two cell lines that define new require-
ments for the spread of virus infection between cells. These cell
lines are Georgia bovine kidney (GBK) and Madin-Darby
bovine kidney (MDBK). Wild-type PRV strains form giant,
multinuclear syncytia on GBK or MDBK cell monolayers.
When the glycoprotein gE or gI was deleted from PRV, large
nonsyncytial plaques formed on these cells, supporting the
findings of previous studies (2, 11, 88). The two cell lines also
display a cell-type-specific phenotype that involves nonsyncy-
tial cell-to-cell spread. In some viral genetic backgrounds, in-
sertion of the �-galactosidase gene (lacZ) or the gene for
enhanced green fluorescent protein (EGFP) (egfp) in the gG
gene results in a striking reduction of plaques without affecting
syncytium formation. This phenotype is not apparent on mono-
layers of the swine kidney cell line PK15. Insertions of lacZ or
egfp result in a gG-null phenotype but also reduce the expres-

sion of the upstream Us3 gene. The plaque size is due not to
loss of gG but rather to the reduction of expression of Us3, a
unique protein kinase.

MATERIALS AND METHODS

Viruses and cells. The virus strains used in this study are listed in Table 1. PRV
strains expressing �-galactosidase, Becker-Blu, Bartha-Blu, and PRV99-Blu have
been described elsewhere (3, 32, 75). The construction of PRV strains expressing
EGFP has been described recently (71). Briefly, PRV151, PRV152, and PRV155
were constructed by homologous recombination between a plasmid containing
an EGFP expression cassette cloned into the middle of the PRV gG gene and the
PRV genome. Briefly, a 2.6-kbp SalI fragment from PRV-Becker containing the
3� end of the Us3 gene, the entire gG gene, and the 5�end of the gD gene was
cloned into the SalI site of pBB3 [a modified pGEM-5zf(�) derivative in which
the PstI site and NotI site have been deleted] to generate pBB4. Next, a 2.3-kbp
NsiI fragment from pEGFP-N1 (Clontech, Palo Alto, Calif.) containing the
cytomegalovirus immediate-early promoter, EGFP sequences, and a simian virus
40 poly(A) signal was cloned into a unique PstI site in pBB4 to generate pII1.
This leaves about 840 bp of PRV sequence upstream of the EGFP expression
cassette and 1,750 bp downstream of the EGFP expression cassette available for
homologous recombination with the viral genome. The plasmid pII1 was di-
gested with SalI and cotransfected with purified PRV-Becker DNA (PRV151),
PRV-Bartha DNA (PRV152), or M201 DNA (PRV155) into PK15 cells. Virus
produced after cotransfection was plated on PK15 cells, and plaques expressing
EGFP were identified with the aid of an inverted epifluorescence microscope.
Virus was isolated from EGFP-expressing plaques and subjected to three rounds
of purification. Southern blot analysis using the Becker SalI fragment from pBB4
as a probe was performed to verify that the EGFP expression cassette had
recombined appropriately into the PRV genome.

To construct PRV154, a 2.6-kbp NsiI fragment from pBB14 containing a
Us9-EGFP fusion protein expression cassette was cloned into the PstI site of
pBB4, disrupting the gG gene, to generate pAC2. pAC2 was then digested with
SalI and cotransfected into PK15 cells with Bartha genomic DNA. Green fluo-
rescent plaques were purified and recombinant viruses were verified by Southern
blotting as described above.

To construct PRV156, a 2.6-kbp SalI fragment from the Bartha genome
containing the 3� end of the Us3 gene, the entire gG gene, and the 5�end of the
gD gene was cloned into the SalI site of pBB3 to generate pBB33. Next, a 2.3-kbp
NsiI fragment from pEGFP-C1 (Clontech) containing an EGFP expression cas-
sette was cloned into a unique PstI site in pBB33 to generate pBB35. This leaves

TABLE 1. Genotypes of viruses used in this study and their plaque morphologies on GBK and MDBK cellsa

PRV strain Genotype Comments

Plaque morphology on GBK
and MDBK cells

Syncytial Large
nonsyncytial

Tiny
nonsyncytial

Kaplan Wild-type Lab strain Yes No No
Becker Wild-type Field isolate Yes No No
Becker-Blu lacZ�, gG� Isogenic with Becker Yes No No
PRV151 EGFP�, gG� Isogenic with Becker Yes No No
PRV91 gE� Isogenic with Becker No Yes No
PRV98 gI� Isogenic with Becker No Yes No
PRV99 gE�, gI� Isogenic with Becker No Yes No
PRV99-Blu lacZ�, gE�, gI�, gG� Isogenic with Becker No Yes No
Bartha gC, gM, UL21, gE�, gI�, US9�, US2� Attenuated vaccine strain No Yes No
Bartha-Blu lacZ�, gC, gM, UL21, gE�, gI�, US9�, US2�, gG� Isogenic with Bartha No No Yes
Bartha-Blu revertant gC, gM, UL21, gE�, gI�, US9�, US2� Isogenic with Bartha No Yes No
PRV152 EGFP�, gC, gM, UL21, gE�, gI�, US9�, US2�, gG� Isogenic with Bartha No No Yes
PRV154 US9-EGFP�, gC, gM, UL21, gE�, gI�, US9�, US2�, gG� Isogenic with Bartha No No Yes

PRV156 EGFP�, gC, gM, UL21, gE�, gI�, US9�, US2�, gG� Isogenic with Bartha No No Yes
PRV156R gC, gM, UL21, gE�, gI�, US9�, US2� PRV156 reverted to Bartha

genotype
No Yes No

PRV157 gC, gM, UL21, gE�, gI�, US9�, US2�, gG null Isogenic with Bartha gG
nonsense mutation

No Yes No

NIA-3 Wild-type Field isolate Yes No No
M201 gE� Isogenic with NIA-3 No Yes No
PRV155 EGFP�, gE�, gG� Isogenic with NIA-3 No No Yes

a The Blu strains express the lacZ gene from the gG locus and are therefore labeled gG�. The EGFP� strains have an egfp insertion in the gG locus and are also
labeled gG�. Point mutations in the genes are italicized, and deletions in the genes are followed by “�”.
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about 840 bp of PRV sequence upstream of the EGFP expression cassette and
1,750 bp downstream of the EGFP expression cassette available for homologous
recombination with the viral genome. The plasmid pBB35 was digested with SalI
and cotransfected with purified PRV-Bartha DNA into PK15 cells. Green fluo-
rescent plaques were purified and recombinant viruses were verified by Southern
blotting as described above.

To construct PRV157, a 2.6-kbp SalI fragment from the Bartha genome
containing the 3� end of the Us3 gene, the entire gG gene, and the 5�end of the
gD gene was cloned into the SalI site of pAlter-1 to create pBB31. An amber
codon was introduced into the seventh codon of gG in pBB31 by site-directed
mutagenesis with the altered-site mutagenesis system (Promega) using the oli-
gonucleotide 5�-TGGGCAACGTAGATCCTCGCC-3�. This mutation also re-
sults in the loss of a BamHI site from pBB31; it served as a useful screen for
mutant clones. One such clone was named pBB40. To transfer the gG nonsense
mutation into the Bartha genome, a 400-bp BssHII/BamHI fragment from
pBB40 was cloned into BssHII/BamHI-digested pBB39 (which contains the SalI/
NotI fragment from pBB31 cloned into pBSKS�) to create pBB41. pBB41 was
sequenced to ensure that the desired mutation in gG was present and that no
other mutations had been introduced into the transfer vector. pBB41 was lin-
earized with SalI and cotransfected into PK15 cells with PRV156 DNA. Virus
produced after cotransfection was plated on PK15 cells, and plaques that failed
to express EGFP were identified with the aid of an inverted epifluorescence
microscope. Virus was isolated from non-EGFP-expressing plaques and sub-
jected to three rounds of purification. Southern blot analysis using the SalI
fragment from pBB4 as a probe was performed to verify that the EGFP expres-
sion cassette had been appropriately excised from the PRV genome. Two types
of recombinants were isolated from this cotransfection experiment as deter-
mined by PCR and DNA sequencing. Those that had the gG nonsense mutation
were designated PRV157 and those that reverted PRV156 to the parental Bartha
genotype were designated PRV156R.

All virus strains were propagated and titered on PK15 cells unless otherwise
indicated. PK15, GBK, and MDBK cells were maintained at 37°C in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal calf serum
(FCS) (Gibco/BRL) in a 5% CO2 environment.

Intraocular injection of chick embryos. Intraocular injections were performed
on E12 White Leghorn chicken embryos exactly as described previously (3).
Immediately prior to injection, virus stocks were thawed and sonicated briefly,
and cells and cellular debris were removed by brief centrifugation in a microfuge.
Animals were injected in the vitreous humor of the right eye with various
amounts of virus ranging from 102 to 106 PFU in a total volume of 1 �l. Virulence
was measured by determining both the mean time to death after injection of 105

PFU and the 50% lethal dose (LD50). The LD50 was defined as the number of
PFU required to kill 50% of the animals within 168 h, a time just prior to
hatching. LD50s were calculated using the graphic interpolation method of Reed
and Muench (64). Experimental protocols were approved by the Animal Welfare
Committee and were consistent with the regulations of the American Association
for the Accreditation of Laboratory Animal Care and those in the Animal
Welfare Act (Public Law 99-198). All animals were confined to a biosafety-
level-2 laboratory.

Primary retinal cultures. Retinae (�12) were removed from E8 embryos and
were collected in 2 ml of Hanks’ buffered salt solution without Ca2� and Mg2�.
Trypsin (Gibco/BRL) was added to the Hanks’ buffered salt solution to a final
concentration of 1%, and the retinae were incubated at 37°C for 5 min. After
trypisinization, 10 ml of DMEM–10% FCS–5% chicken serum (CS) was added
to the retinae and the tissue was pelleted by centrifugation at 600 � g for 7 min
at room temperature. Cells were resuspended in 2 ml of DMEM–10% FCS–5%
CS and were triturated 10 times with a sterile Pasteur pipette. The volume was
brought up to 24 ml with DMEM–10% FCS–5% CS, and 2 ml was plated per well
onto 6-well culture dishes (Falcon), each well containing a poly-L-lysine-treated
22-mm-diameter glass coverslip. Cells were incubated at 37°C in a 5% CO2

environment for 3 days prior to infection with PRV.
Plaque assays. Serial 10-fold dilutions of virus were prepared in DMEM–10%

FCS. One hundred microliters of each dilution was added to a well of a 6-well
cluster dish containing a 85 to 95% confluent monolayer of either PK15, GBK,
or MDBK cells, and the dishes were returned to the incubator. The cells and
inoculum were rocked every 10 min for 1 h to ensure that the monolayer did not
become dry, and then 3 ml of DMEM–10% FCS–1% carboxy-methylcellulose
was added to each well and the plates were returned to the incubator for 48 h.
Cells were fixed and stained in 70% methanol–0.5% methylene blue. For detec-
tion of �-galactosidase activity, infected monolayers were rinsed three times with
phosphate-buffered saline and were then fixed in 4% formaldehyde for 10 min at
room temperature. Following fixation, cells were rinsed three times with 3 ml of
phosphate-buffered saline and 1 ml of substrate buffer added (1 mg of 5-bromo-

4-chloro-3-indolyl-�-D-galactopyranoside [X-Gal]/ml, 10 mM potassium ferro-
cyanide, 10 mM potassium ferricyanide, 2 mM MgCl2, 0.01% sodium deoxy-
cholate, and 0.02% IGEPAL CA-630 (NP-40) in 0.1 M phosphate buffer, pH
7.4). Cells were incubated in substrate buffer overnight (�16 h) at 37°C. Sub-
strate buffer was removed and replaced with phosphate-buffered saline until the
cells were photographed. For EGFP-expressing viruses, plaques were photo-
graphed directly at 48 h postinfection using a Nikon TE200 inverted epifluores-
cence microscope equipped with a cooled charge-coupled device camera.

Analysis of gG expression. Expression of gG protein by parental, mutant, and
repaired viruses was examined by labeling infected PK15 cells with [35S]methi-
onine. At 3 h postinfection, cells were incubated with [35S]methionine at 50
�Ci/ml in methionine-free medium for 30 min. At the end of the labeling period,
monolayers were rinsed three times with serum-free medium, serum-free me-
dium was added to the cells, and the plates were returned to the incubator. After
1 h the medium was collected, clarified of cells and cellular debris by centrifu-
gation, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and autoradiography. At the time that the medium was har-
vested, 4.5 h postinfection, significant amounts of newly synthesized virions were
not present in the medium.

RNA analysis. RNA was isolated from mock-infected or infected (multiplicity
of infection � 10) MDBK cells at 3 and 6 h postinfection using the Trizol reagent
(Gibco/BRL). Dishes (diameter, 100 mm) containing approximately 5 � 106 cells
were used for each sample. Ten micrograms of total RNA from each sample was
denatured in 50% formamide, 2.2 M formaldehyde, and 25 mM sodium phos-
phate buffer pH 7.1, and was separated on a 1% agarose-formaldehyde gel and
transferred to a nylon membrane as described elsewhere (45). The blot was
hybridized to a biotinylated double-stranded DNA probe corresponding to the
Us3b open reading frame, which was prepared as follows: the Us3b open reading
frame was amplified by PCR using the forward primer 5�CGGAATTCGTTGT
CGCGCGTCCACGCCCAGC3� and the reverse primer 5�AAGGAAAAAAG
CGGCCGCAGGTGTGTGTGTCCTACCGCTCG3�. The PCR product was
biotinylated using the NEBlot Phototope Kit (New England Biolabs). Bands
hybridizing to the biotinylated Us3b probe were detected using the Phototope-
Star detection kit (New England Biolabs) according to the manufacturer’s in-
structions.

Preparation of Us3 antisera. Antiserum against a Us3 peptide was raised in
rabbits and affinity purified by Bethyl Laboratories (Montgomery, Tex.). Briefly,
the peptide RRPSADEILNFG corresponding to amino acids 373 to 384 of Us3a
and 319 to 330 of Us3b was synthesized, conjugated to keyhole limpet hemocy-
anin, and used to immunize two New Zealand White rabbits.

Western blot analysis. MDBK cells growing in 100-mm-diameter culture
dishes (�5 � 106 cells) were infected with PRV at a multiplicity of infection of
10. At 3 and 6 h postinfection, the medium was removed from the dish and the
cells were rinsed three times with cold phosphate-buffered saline. Cold lysis
buffer (750 �l) (10 mM Tris, 150 mM NaCl, 1% IGEPAL CA-630, 1% sodium
deoxycholate, pH 7.4) was added, and the cells were incubated on ice for 10 min.
SDS-PAGE sample buffer was added to portions of lysates, and these were
subjected to SDS-PAGE on 10% gels as described elsewhere (37). Following
electrophoresis, protein in gels was transferred to polyvinylidene difluoride
membranes using a Bio-Rad semidry transfer apparatus following the manufac-
turer’s instructions. Membranes were blocked overnight in Tris-buffered saline–
Tween (50 mM Tris, 200 mM NaCl, 0.05% Tween 20) containing 3% bovine
serum albumin. Proteins were visualized by using rabbit (for Us3 and gD) or goat
(for gB) polyclonal primary antibodies and enhanced chemiluminescence detec-
tion as recommended by the manufacturer (Renaissance system; NEN).

RESULTS

A PRV vaccine strain, Bartha, with an insertion at the gG
locus shows reduced virulence in a chicken embryo eye model.
A chicken embryo eye model was established to study alpha-
herpesvirus neuronal spread and virulence (3). In this model,
virus is injected directly into the right eye of embryonic day-12
embryos through a small window opened in the eggshell. After
injection, the window is sealed, eggs are returned to an incu-
bator, and the virulence properties and the capacity of virus to
spread from the eye to the brain are measured. The virulence
of several PRV strains was tested in two ways: first, by the
determination of LD50, and second, by measuring the mean
time to death after inoculation with 105 PFU of virus. To
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facilitate the identification of infected cells and tissue, a num-
ber of the strains used express �-galactosidase at the gG locus.
The PRV gG locus was chosen as a site to insert the lacZ gene
because viruses with deletions or insertions in gG display wild-
type virulence in any system studied to date and because it has
been used extensively by other groups studying PRV (27, 49,
75, 78; J. P. Card, R. R. Miselis, and L. W. Enquist, unpub-
lished observations).

The results of these virulence studies are summarized in
Table 2. As expected, the wild-type derivative Becker-Blu was
the most virulent, with the lowest LD50 and the shortest mean
time to death. The PRV99-Blu strain, which is isogenic with
Becker and is deleted for the glycoproteins gE and gI, dis-
played reduced virulence compared to Becker-Blu, with a
higher LD50 and increased mean time to death. These results
were expected because numerous studies have indicated that
deletion of gE and gI profoundly affects virulence in numerous
animal model systems including the natural host (1, 8, 34–36,
41–43, 48, 50, 53, 54).

We also introduced the attenuated vaccine strain Bartha
into the chicken embryo eye model. The Bartha strain, which
was isolated after repeated passage through chicken embryo
fibroblasts and selected for resistance to elevated temperature,
has a large deletion that eliminates expression of gI, gE, Us9,
and Us2 and point mutations affecting the UL21, gC, and gM
genes (Table 1) (4, 13, 30, 40, 66). Because of these changes, it
was not surprising that the Bartha-Blu strain had the highest
LD50 and mean time to death and proved to be the most
attenuated strain tested in the chicken embryo eye model. By
contrast, the virulence properties of the parental Bartha strain
were surprising. The key observation was that Bartha-Blu was
significantly more attenuated than the parental Bartha strain.
The Bartha strain had an LD50 that was approximately 60
times lower than that of Bartha-Blu. These data suggested that
gG played a role in virulence of the Bartha strain.

A PRV strain with an insertion at the gG locus has defects
in cell-to-cell spread. To understand the basis for different
virulence properties exhibited by PRV mutants in the chicken
embryo eye model, we examined infection of chick primary
retinal cultures. The retina is the primary site of viral replica-
tion in the chicken embryo eye model. Four days after plating,
the cells had established two distinct layers: large flat Müller
glial cells grew on the culture dish and neurons spread over this
glial cell layer. To facilitate the identification of infected cells,

these cultures were infected with PRV strains that express
EGFP from the gG locus. Like the virus strains with lacZ
insertions, these viruses do not express gG. PRV151 is an
EGFP-expressing derivative of the virulent Becker strain, and
PRV152 is an EGFP-expressing derivative of the Bartha vac-
cine strain (71). Four-day-old mixed retinal cultures were in-
fected with PRV151 and PRV152. Twenty-four hours after
infection, the cells were fixed and stained with Hoechst 33258
to identify nuclei, and the DNA and EGFP signals were visu-
alized by fluorescence microscopy (Fig. 1A). Infection by
PRV151 resulted in the formation of multinuclear syncytia. By
contrast, PRV152-infected cells did not form syncytia. This
observation provided evidence that the reduced virulence of
the Bartha strains in the chicken embryo eye model may reflect
defects in cell-to-cell spread.

To ensure that the observations in the 4-day-old primary
cultures were not an artifact of the culture conditions, we
tested whether the PRV151 strain caused cell fusion in intact
retina in vivo. Forty-eight hours after intraocular infection of
embryonic day-12 chick embryos, retinal whole mounts were

TABLE 2. Virulence properties of PRV strains used
in chick embryo eye modela

Virus
strain Genotype LD50

(PFU)

Mean time
to death

in h
(105 PFU)

Becker-Blu gG� 58 (n � 31) 55 (n � 45)
PRV99-Blu gE�, gI�, gG� 200 (n � 31) 68 (n � 43)
Bartha-Blu gC, gM, UL21, gE�, gI�, US9�,

US2�, gG�
5,600 (n � 56) 80 (n � 38)

Bartha gC, gM, UL21, gE�, gI�, US9�,
US2�

	100 (n � 60) 80 (n � 26)

a The Blu strains express the lacZ gene from the gG locus and are therefore
labeled gG�. The Becker strain is a wild-type, virulent PRV field isolate. PRV99
is isogenic with the Becker strain and has deletions of gE and gI. Point mutations
in the genes of the Bartha strain of PRV are italicized. Deletion of genes is
followed by “�”.

FIG. 1. PRV infection of embryonic chicken retinal cells. (A) In-
fection of primary retinal cultures. Mixed retinal cultures 24 h after
infection with PRV151 and PRV152. The EGFP signal is shown on the
left, and the same cells stained with Hoechst 33258 are shown on the
right. (B) Optical sections midway through PRV-infected chicken em-
bryo retinal whole mounts 48 h after intravitreal infection with
PRV151 (left) or PRV152 (right). The EGFP signal was visualized by
confocal fluorescence microscopy. The arrowhead indicates fused cells.
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prepared and infected tissue was visualized by confocal fluo-
rescence microscopy (Fig. 1B). These data demonstrated that
the virulent Becker derivative PRV151 fused cells in the retina
(arrowhead). The Bartha derivative PRV152 did not fuse cells
as evidenced by the clear outline of the boundaries of individ-
ual infected cells. These data supported our observations with
primary cultures and indicated that syncytial formation by vir-
ulent virus strains also occurs in vivo. These observations are
consistent with the hypothesis that the fusogenic ability of the

wild-type strain influences virulence in the chicken embryo eye
model. We next attempted to identify the molecules defective
in the Bartha strain that contribute to membrane fusion by the
Becker strain.

GBK cells and MDBK cells form syncytia upon infection
with PRV (79; L. W. Enquist, unpublished observations).
When GBK and MDBK cells were infected with Becker-Blu,
PRV99-Blu, and Bartha-Blu, remarkable differences in plaque
morphologies were observed. Infection with Becker-Blu re-

FIG. 2. Plaque morphologies of PRV strains with lacZ insertions in gG on GBK and PK15 cells. Low- and high-magnification images of infected
GBK cells at 48 h after a low-multiplicity infection. Cells were fixed in 4% formaldehyde for 10 min, rinsed, and incubated in an X-Gal solution
to identify infected cells. (A) GBK cells. (B) PK15 cells. BeBlu, Becker-Blu; BaBlu, Bartha-Blu. Results similar to those obtained on GBK cells
were observed on monolayers of MDBK cells, another bovine kidney cell line (Fig. 8).
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sulted in the formation of syncytial plaques characterized by
large numbers of nuclei in the center of the plaque (Fig. 2A).
By contrast, PRV99-Blu formed large nonsyncytial plaques
and Bartha-Blu formed tiny nonsyncytial plaques. Interest-
ingly, all three virus strains formed plaques of similar size and
morphology on monolayers of the swine kidney cell line PK15;
all strains produced large nonsyncytial plaques (Fig. 2B).
These data indicated that PRV99-Blu and Bartha-Blu have
defects in spread from cell to cell that manifest themselves only
when grown on certain cell types.

The striking differences in plaque size observed with these
viruses on GBK and MDBK cells provided a simple assay to
map the viral genes responsible for these different phenotypes.
Table 1 summarizes the data from these assays. Deletion of gE
and/or gI from the PRV genome abrogates the syncytial phe-
notype; PRV91, PRV98, PRV99, and PRV99-Blu are isogenic
with the Becker strain and have deletions of gE, gI, or both. All
four of these strains form large nonsyncytial plaques on GBK
and MDBK cells that are similar in size. These data support
the observations of others that gE and gI can function to
regulate the viral fusion machinery of both PRV and HSV (2,
88). Furthermore, these data suggest that the Bartha strain
does not form syncytia on GBK or MDBK cells because it has
a deletion of gE and gI.

The insertion in gG is responsible for the tiny-nonsyncytial-
plaque phenotype demonstrated by the Bartha-Blu strain, be-
cause the parental Bartha strain formed large nonsyncytial
plaques (Fig. 3A and Table 2). In further support of this
conclusion, three other independently isolated Bartha deriva-
tives with insertions in gG, PRV152, PRV154, and PRV156
also formed tiny nonsyncytial plaques similar in morphology
and size to those formed by Bartha-Blu. To control for the
possibility that mutations outside the gG locus were responsi-
ble for the small-plaque phenotype, revertants of the Bartha-
Blu strain and the PRV156 strain were constructed. The re-
vertant viruses formed plaques that were indistinguishable
from those formed by the parental Bartha strain. Because four
independently isolated Bartha strains with insertions in gG
form tiny nonsyncytial plaques and because, when two of these
viruses were reverted, parental plaque morphologies were re-
stored, we suggest that the tiny-nonsyncytial-plaque phenotype
was due to the insertion in the gG gene.

Interestingly, Becker strains with insertions in gG did not
display the tiny- nonsyncytial-plaque phenotype on GBK or
MDBK cells, even if gE and gI had been deleted from the
Becker strain, as in the case of PRV99-Blu. This observation
indicates that the Becker strain encodes a function that can
compensate for insertions in gG and that the Bartha strain
lacks this function.

Reduced replication or decreased infection efficiency does
not account for tiny-nonsyncytial-plaque phenotype. Small
plaques can arise due to a reduced ability of the virus to
replicate, a decrease in the efficiency with which virus infects
cells, or a specific defect in the spread of virus from cell to cell.
Two of these possibilities were tested directly. To determine if
Bartha-Blu had a growth defect relative to Bartha on mono-
layers of GBK cells, single-step growth analysis was performed.
The data indicated that both the rate of infectious virus pro-
duction and the total amount of infectious virus produced in
cells and released into the medium were similar for Bartha and

FIG. 3. Growth of Bartha and Bartha-Blu on GBK cells. (A)
Plaque morphologies of Bartha and Bartha-Blu on GBK cell mono-
layers. Forty-eight hours after infection, cells were fixed and stained
with 0.5% methylene blue in 70% methanol. Single plaques are shown.
(B) Single-step growth of Bartha and Bartha-Blu on monolayers of
GBK cells. Kinetics of infectious virus production in cells is plotted in
the top graph, and the rate of release of infectious virus into the
medium is plotted on the bottom graph.
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Bartha-Blu (Fig. 3B). In fact, Bartha-Blu consistently pro-
duced slightly more infectious virus than Bartha, both in the
cells and culture medium. From these data, we concluded that
the small-plaque phenotype exhibited by Bartha-Blu was not
due to a reduced ability of the virus to replicate in GBK cells.

To eliminate the possibility that Bartha strains with inser-
tions in gG had a reduced ability to infect GBK cells, the
specific infectivities of the Becker, Becker-Blu, Bartha, and
Bartha-Blu were measured. For every 100 plaques that formed
on PK15 cells, approximately 120 plaques formed on mono-
layers of GBK cells when equivalent inocula were used. This
plating efficiency held for all virus strains tested. Decreased
efficiency of infection does not account for the reduced ability
of plaques to form on GBK cells.

Introduction of a nonsense mutation into the gG gene of the
Bartha strain has no effect on cell-to-cell spread. Is the gG
protein required for the efficient spread of Bartha viruses from
cell to cell? This question was addressed by introducing a stop
codon seven codons into the Bartha gG gene by site-directed
mutagenesis. PRV156 is a Bartha derivative that expresses
EGFP from the gG locus and, like Bartha-Blu, PRV152, and
PRV154, produces tiny nonsyncytial plaques on monolayers of
GBK cells. The virus with the nonsense mutation in gG is
PRV157, and the repaired PRV156 strain is PRV156R.

Because gG is secreted from infected cells in abundance,

expression of this glycoprotein can be assayed by analysis of
infected-tissue culture supernatants (5, 6). The results from
this experiment are shown in Fig. 4A. gG is secreted from cells
in three predominant forms of approximately 180, 75, and 50
kDa that arise as a result of proteolytic cleavage and other
posttranslational modifications, including sulfation and glyco-
sylation (5, 63, 78). As expected, cells infected with the Bartha
strain and the repaired PRV156 strain PRV156R synthesized
and secreted gG into the medium. By contrast, cells infected
with the EGFP-expressing PRV156 strain or the PRV157
strain, which has a nonsense mutation at codon 7 of gG, did not
secrete any detectable gG. Equal loading of samples was con-
firmed by an internal loading control (Fig. 4A, asterisk). These
viruses were next tested for their ability to form plaques on
monolayers of GBK cells.

Figure 4B shows the plaque morphologies of Bartha,
PRV156, PRV157, and PRV156R. Bartha, PRV157, and
PRV156R formed large nonsyncytial plaques, whereas PRV156
formed tiny nonsyncytial plaques. The important point is that
elimination of gG expression through the introduction of a
nonsense mutation did not result in the formation of tiny
plaques on GBK cell monolayers. The effect of insertion into
the gG locus of the Bartha strain was not due to elimination of
gG expression alone.

FIG. 4. A Bartha derivative with a nonsense mutation in gG is not affected in cell-to-cell spread. (A) Autoradiogram of tissue culture
supernatants from infected cells pulse-labeled with [35S]methionine for 30 min at 2 h postinfection and chased in the presence of nonlabeled
methionine for 1 h. Samples were analyzed by SDS-PAGE on an 8% gel. Asterisk denotes internal loading control. gG is secreted from cells in
three predominant forms of approximately 180, 75, and 50 kDa. (B) Plaque morphologies of Bartha, PRV156, PRV157, and PRV156R on GBK
cell monolayers. Forty-eight hours after infection, cells were fixed and stained with 0.5% methylene blue in 70% methanol.
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Us3 mRNA levels are not affected by insertions in gG locus.
A cartoon of the gG locus and surrounding genes is shown in
Fig. 5. The transcription of the Us3 and Us4 genes has been
characterized in detail for both PRV and HSV, and the pat-

terns of transcription from this region are strikingly similar
between viruses (65, 82, 87).

Because the tiny-nonsyncytial-plaque phenotype of Bartha
strains with insertions in gG is not due to disruption of gG

FIG. 5. Expected transcripts from Us3, gG (Us4), and gD (Us6) in Becker or Bartha (A), viruses with lacZ insertions (B), and viruses with egfp
insertions (C). Horizontal arrows denote the position of a promoter. The Us3/Us4 transcripts are a 3�nested family of three mRNAs. The Us3 gene
encodes two transcripts, designated Us3a and Us3b, that both terminate at a polyadenylation site located downstream of the gG (Us4) open
reading frame. The slightly larger (by �150 bases) Us3a transcript represents about 5% of the total Us3 transcription, and the smaller Us3b
transcript represents about 95% (83). In PRV, these mRNAs encode two different proteins using the same reading frame. It follows that both
proteins have identical carboxy termini. The larger Us3a transcript encodes a protein with an additional 54 N-terminal amino acids. Both of these
proteins are expressed in PRV-infected cells, as shown by Western blot analysis (83). It is unclear if the two products of the Us3 gene have different
functions. The mRNA that directs the translation of gG is initiated just upstream of the gG (Us4) open reading frame and terminates at a
polyadenylation site located immediately downstream of the gG (Us4) open reading frame. Located immediately downstream of gG (Us4) is the
essential gD (Us6) gene. gD (Us6) belongs to a family of transcripts different from that of Us3 and gG. SV40, simian virus 40; CMV IE,
cytomegalovirus immediate-early promoter.
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function, we next studied the effect of these insertions on Us3
transcripts. To do this, we examined the steady-state levels of
Us3 mRNA 3 and 6 h after infection (Fig. 6). The probe used
was the Us3b open reading frame. The location of the probe
relative to the predicted Us3 transcripts from parental and
lacZ insertion viruses is shown in Fig. 6A. At 6 h postinfection
the Us3 probe hybridized to a 2.7-kb RNA isolated from cells
infected with Becker and Bartha (Fig. 6B). When RNA iso-
lated from Becker-Blu- and Bartha-Blu-infected cells at 3 and
6 h postinfection was analyzed by Northern blotting, using the
Us3b probe described above, an expected 5.7-kb RNA was
detected. The relative levels of Us3 RNA detected in Becker-
and Bartha-infected cells versus those in Becker-Blu- and Bar-
tha-Blu-infected cells were not significantly different. From
these data we conclude that insertion of lacZ into the gG locus
of Blu strains does not markedly affect Us3 transcript levels.
We next examined the levels of Us3 protein in infected cells.

Us3 protein expression is substantially reduced in PRV
strains with insertions in gG. Protein extracts were prepared
from PRV-infected MDBK cells at 6 h postinfection and were
run on an SDS–10% PAGE gel. Protein in gels was transferred

to polyvinylidene difluoride membranes and was probed using
antiserum raised against gD, gB, or Us3 (Fig. 7). Insertions in
gG had no effect on the steady-state levels of either gD or gB,
as evidenced by the fact that similar amounts of protein were
detected in Bartha- and Bartha-Blu-infected cell extracts (Fig.
7A and B). By contrast, steady-state levels of Us3 were signif-
icantly reduced in PRV strains that had either lacZ or egfp
insertions in gG, regardless of whether the strain was derived
from Becker or Bartha (Fig. 7C). Curiously, the relative mo-
bility of Us3 identified in Becker- versus Bartha-derived strains
differed in that Bartha’s Us3 migrated more rapidly in the
SDS-PAGE gel. The significance of this finding is under inves-
tigation. Results obtained with infected PK15 cell extracts were
indistinguishable from those obtained with MDBK cells.

Relationship between gE/gI and insertions in gG in spread
of infection between cells. The data so far suggest that Us3
functions in the spread of viral infection between MDBK or
GBK cells. gE and gI also participate in the cell-to-cell spread
of infection in MDBK and GBK cells. To investigate the rela-
tionship between the role of gE/gI versus that of Us3 in cell-
to-cell spread, we first examined the effect of insertions in gG
in viruses that encode gE and gI. PRV158 is a derivative of the
Bartha strain in which the deletion of gI, gE, Us9, and Us2 has
been repaired with Becker sequences. PRV159 is a derivative
of PRV158 that has an egfp insertion in the gG locus. Plaque
morphologies of Becker, PRV151, PRV158, and PRV159 were
examined on monolayers of MDBK cells (Fig. 8A). Restora-
tion of the gI, gE, Us9, and Us2 genes in the Bartha strain does
not fully rescue plaque size on MDBK cells, as evidenced by
the observation that PRV158 plaques are considerably smaller
than plaques formed by Becker on MDBK cells. This data
suggest that other mutations in the Bartha strain contribute to
its small plaque size on MDBK cells. Insertion of egfp into
these strains causes a modest reduction in plaque size (com-
pare Becker versus PRV151 and PRV158 versus PRV159, Fig.
8A). These data indicate that expression of gE/gI, Us9, and
Us2 in the Bartha strain can overcome the effects of an inser-
tion in gG (compare PRV159, Fig. 8A, to PRV152, Fig. 8B).

Next, we examined the effects of egfp insertions in strains
that lack gE and/or gI (Fig. 8B). PRV99 is a Becker derivative
with deletions of gE and gI, and PV99Gr is a PRV99 derivative
with an egfp insertion. Insertion of egfp into gG had a modest
effect on plaque size on MDBK cells. By contrast, an egfp
insertion in the Bartha strain (PRV152) had a striking affect on
plaque size. The M201 strain, a derivative of the virulent wild-
type strain NIA-3 that has a deletion of gE, makes plaques on
MDBK cells similar in size to those formed by Bartha. An egfp
insertion was introduced into M201 to construct PRV155.
PRV155 forms tiny plaques on MDBK cells similar to those
formed by PRV152. These data indicate that, in the absence of
gE or gI, the Becker strain can compensate for insertions in the
gG locus and spread from cell to cell efficiently, whereas the
Bartha and NIA-3 strains cannot.

DISCUSSION

We report that insertions in the gG locus of PRV can affect
the spread of virus infection from cell to cell in a cell-type-
specific manner. Interestingly, this phenotype was not due to
loss of gG expression, because a mutant with a nonsense mu-

FIG. 6. Analysis of Us3 transcription in PRV strains containing
lacZ insertions in gG. (A) Cartoon illustrating the predicted size of
Us3 transcripts from parental and lacZ insertion viruses and the loca-
tion of the double-stranded DNA probe used to detect Us3 RNA by
Northern blotting. Only the Us3 transcript is shown. (B) Northern blot
of total RNA isolated from MDBK cells infected with Becker, Bartha,
Becker-Blu (BeBlu), or Bartha-Blu (BaBlu) at 3 and 6 h postinfection
(top panel). The blot was hybridized to a biotinylated double-stranded
DNA probe corresponding to the Us3b open reading frame and hy-
bridizing RNAs detected, as described in Materials and Methods. The
positions of RNA size markers (in kilobases) are shown on the left of
the gel. The bottom panel shows the ethidium bromide-stained gel
prior to transfer of RNA to the blot and is meant to serve as a loading
control. hpi, hours postinfection.
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tation in the gG signal sequence had no spread defect. We then
noted that Us3 protein expression was dramatically reduced in
PRV strains with either lacZ or egfp insertions in gG. By
contrast, the gD gene, located immediately downstream of gG
and belonging to a family of transcripts different from that of
Us3 and gG, was not affected by insertions in the gG gene.
Analysis of mRNA synthesized in cells infected with gG inser-
tion mutants indicated that, although Us3 transcript size in-
creased as expected, the steady-state amount of Us3 transcript
was not markedly reduced. Apparently, insertions in the gG
locus of PRV affect export of the altered Us3 message from the
nucleus to the cytoplasm or result in inefficient translation of
the altered Us3 transcripts. Further experiments will be re-
quired to determine the mechanism by which Us3 expression is
attenuated in viruses with insertions in gG.

Early studies on HSV and PRV gG indicated that it was not
required for efficient growth in culture; mutant viruses had no
discernible growth defects (2, 44, 78, 84). Modest phenotypes
were observed in vivo for HSV gG mutants, however. For ex-
ample, an HSV-1 strain with a transposon insertion in gG was
attenuated after intracranial inoculation of mice and an HSV-1
strain with a lacZ insertion in gG had reduced ability to invade
the peripheral nervous system after inoculation of the mouse
ear pinna (2, 84). By contrast, PRV strains with mutations in
gG have had no discernible phenotypes in most model systems
or in the natural host (27, 49, 75, 78; Card et al., unpublished).
Recently, Kim and colleagues described differences in the vir-
ulence properties between the Bartha and the Bartha-Blu

strain in the rat eye model. Bartha-Blu, which has a lacZ
insertion in gG, took longer to kill animals, and infected ani-
mals had increased time until the appearance of symptoms
(25). In the present study, we noted a significant difference in
the virulence properties between the Bartha and Bartha-Blu
strains in the chicken embryo eye model. Bartha-Blu had an
LD50 that was 60-fold greater than that of the parental Bartha
strain. Whether the in vivo phenotypes described here or pre-
viously are a result of a loss of gG function or reduced expres-
sion of Us3 remains to be clarified.

In other alphaherpesviruses, such as HSV and BHV-1, the
Us3 message polyadenylation signal is located downstream of
gG (39, 65). Accordingly, one might predict that insertions or
deletions in the gG genes of these viruses might also affect the
expression of Us3. Recently, two groups have described func-
tions for gG using mutant viruses with insertions or deletions in
the gG open reading frame (55, 56, 80). Tran and coworkers
have described a gG mutant of HSV-1 that has a defect in the
entry of virus into polarized MDCK cells from the apical sur-
face (80). MDCK cells are extraordinarily refractory to infec-
tion compared to Vero or HEp-2 cells. Indeed, roughly 20,000-
fold more virus is required to infect MDCK cells from the
apical surface and greater than 100,000-fold more virus is re-
quired to infect these cells from the basolateral surface than
are required for Vero cells, for example. Perhaps alternative or
“suboptimal” virus entry pathways are functioning in the in-
fection of MDCK cells by HSV. The gG mutant RAS104 used
in the study by Tran et al. (80) is a gG deletion mutant. In light

FIG. 7. Reduced Us3 expression in cells infected with PRV strains that have insertions in gG. (A) Western blot of proteins extracted from
MDBK cells (Mock) or MDBK cells infected with Bartha (Ba) or Bartha-Blu (BaBlu) probed with rabbit polyclonal antisera to PRV gD. (B)
Western blot of proteins extracted from MDBK cells (Mock) or MDBK cells infected with Bartha (Ba) or Bartha-Blu (BaBlu) probed with goat
polyclonal antisera to PRV gB. (C) Western blot of proteins extracted from MDBK cells (Mock) or MDBK cells infected with Bartha (Ba),
Bartha-Blu (BaBlu), PRV152, Becker (Be), Becker-Blu (BeBlu), or PRV151, probed with an affinity-purified rabbit polyclonal antiserum raised
against a synthetic peptide corresponding to the carboxy terminus of Us3. All infected cell extracts were prepared at 6 h postinfection. The positions
of protein size markers (in kilodaltons) are shown to the left of the gels.
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FIG. 8. Plaque morphologies of PRV strains with insertions in gG in the presence or absence of gE and gI. Forty-eight hours after infection
with the indicated virus strain, MDBK cells were either fixed and stained with 0.5% methylene blue in 70% methanol or examined by fluorescence
microscopy for EGFP expression. (A) egfp insertions in gG (Us4) in the presence of gE and gI. (B) egfp insertions in gG (Us4) in the absence of
gE and/or gI.
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of the present study, it is possible that the deletion affects
mRNA structure and stability. It may be that the upstream Us3
mRNA is affected by the gG deletion. Examination of Us3
expression in the RAS104 strain or the analysis of a HSV-1
strain with a nonsense mutation in gG would clarify this point.
Nakamichi and colleagues have ascribed two functions to
BHV-1 gG (55, 56). A mutant BHV-1 strain, BHV-1/TF9-5,
has a small deletion in gG into which the PRV thymidine
kinase gene was inserted. This virus has a defect in cell-to-cell
spread on MDBK cells, which is similar to what we observed in
this study (56). In addition, the BHV-1/TF9-5 strain fails to
protect RK13 rabbit kidney cells from BHV-1-induced apopto-
sis (56). It may be that the effects on BHV-1 biology observed
by these scientists are due at least in part to effects on Us3
expression. In the aforementioned studies, the gG insertion
and deletion viruses were repaired, which resulted in complete
reversion to the parental phenotype. However, if the gG inser-
tion-deletion phenotype were repaired, any effect of these mu-
tations on Us3 expression would also be repaired.

Smith and Enquist noted that insertion of either an EGFP
expression cassette or bacterial artificial chromosome se-
quences into an intergenic region immediately downstream of
the PRV Us9 gene markedly attenuated Us9 expression (72).
Removal of these foreign sequences restored Us9 expression.
These observations further emphasize the risk of unanticipated
alterations in gene expression when inserting new sequences
into the viral genome.

The Us3 gene encodes a serine/threonine kinase (18, 46).
Us3 has been shown to play a role in the inhibition of HSV-
induced apoptosis (19, 21, 23, 38). The specific functions of this
molecule are not known; however, it is not essential for growth
of PRV or HSV in many cultured cell lines (26, 44, 57). Inter-
estingly, a PRV strain with a mutation in Us3 grows well in
swine kidney cell lines but displays a strong reduction in growth
in an immortalized swine B-cell line (26). This cell-type-spe-
cific defect is intriguing because the cell-to-cell spread defects
of gG insertion mutants that we observe are evident only in
some cell types. Moreover, the Us3 protein kinase is important
for viral egress from the nucleus in specialized cell types (59,
83). For example, a PRV strain with an inactivated Us3 gene
has a defect in the maturation of virions in porcine nasal mu-
cosa explant cultures (59). Why do we see cell-type-specific
effects of insertions in gG? It may be that cell types in which gG
insertion mutants spread normally synthesize a kinase that can
replace Us3. Alternatively, cells that make small plaques may
produce an inhibitor of Us3 function that is absent in cells that
show normal virus spread.

A major substrate of the HSV Us3 protein kinase is the
membrane-associated UL34 protein (60). UL34 is an essential
protein in HSV and PRV required for the primary envelop-
ment of nucleocapsids at the inner nuclear membrane (29, 68).
There is no evidence to support the idea that UL34 functions
in cell-to-cell spread, however. Other viral molecules that are
substrates for the HSV Us3 protein kinase are the UL12 al-
kaline nuclease and the protein encoded by the Us9 gene (9,
10). As observed with UL34 mutants, mutations in UL12 affect
capsid envelopment at the nuclear membrane (70). Us9 has
been shown to be required for the spread of PRV in certain
neuronal circuits (7). However, previous studies have shown
that deletion of Us9 has no influence on the ability of PRV to

spread from cell to cell in GBK or MDBK cells. Our hypothesis
is that one or more viral proteins required for cell-to-cell
spread are modified by the Us3 protein kinase. It is likely that
as-yet-unidentified viral and cellular substrates exist for Us3
and that one or more of these contribute to cell-to-cell spread.

It is well established that gE and gI participate in cell-to-cell
spread of infection in polarized epithelial cells and in the
nervous system (14, 15, 16, 24, 33, 47, 79, 85, 86). Recent
results from Johnson and colleagues suggest that the carboxy
terminus of gE is required for targeting virus to adherens
junctions in polarized epithelial cells (24). Takahashi and co-
workers have reported that the alphaherpesvirus receptor nec-
tin-1
/HveC localizes to adherens junctions (76). Moreover,
these workers have determined that interaction of the cyto-
plasmic tail of nectin-1
/HveC with afadin, which serves to link
nectin-1
/HveC to the actin cytoskeleton, is required for effi-
cient cell-to-cell spread of HSV-1 but not for virus entry (69).
Taken together, these data strongly suggest that cell-to-cell
spread of infection occurs at adherens junctions. We report
here that expression of gE and gI is sufficient to overcome the
effects of insertions in gG in the Bartha strain, whereas in the
absence of gE and gI, both Bartha and NIA-3 are sensitive to
insertions in gG (Fig. 8). One interpretation of these data is
that an alternative, gE/gI-independent cell-to-cell-spread path-
way exists in GBK and MDBK cells. It follows that insertions
in gG disrupt this gE/gI-independent spread pathway and that
Us3 activity is required for this mode of cell-to-cell spread.
Alternatively, Us3 may also function at cell-to-cell spread at
adherens junctions, but expression of gE and gI is sufficient to
overcome any requirement for Us3 in GBK and MDBK cells.
Examination of the effects of Us3 expression on the structure
and function of adherens junctions may provide clues to the
role of Us3 in cell-to-cell spread.

Because both the Bartha and NIA-3 strains are affected by
insertions in gG, it may be that the Becker strain encodes a
function that can compensate for this insertion. Alternatively,
Bartha and NIA-3 may encode a function that perturbs cell-
to-cell spread in the absence of Us3. Suppressor mutants of
Bartha-Blu, PRV152, and PRV156 that tolerate insertions in
gG arise at high frequency (about 1/2,000 plaques). These
suppressors retain the gG insertion, do not have genomic re-
organization at the Us3 or gG loci, synthesize reduced amounts
of Us3 relative to the Bartha strain, and do not have enhanced
replication kinetics (G. L. Demmin and B. W. Banfield, un-
published observations). Taken together, these observations
suggest that the suppressor mutations reside in a second site
and affect cell-to-cell spread, specifically. It may be that the
Becker strain is genotypically similar to the suppressor mutants
at this second site. Marker transfer experiments are under way
to identify genes from the Becker strain and the suppressor
mutants that compensate for insertions in gG. Our prediction
is that genes with suppressor mutations will participate in a
Us3-dependent cell-to-cell spread pathway.
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