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The UL46, UL47, UL48, and UL49 genes, which encode major tegument proteins, are conserved in most
alphaherpesvirus genomes. However, the relative importance of each of these proteins for replication of
individual alphaherpesviruses appears to be different. Recently, we demonstrated that single deletions of UL47
or UL48 impair maturation and egress of pseudorabies virus (PrV) particles to different extents, whereas
deletions of UL46 or UL49 have no significant effects on virus replication in cell culture (W. Fuchs, H.
Granzow, B. G. Klupp, M. Kopp, and T. C. Mettenleiter, J. Virol. 76:6729–6742, 2002; M. Kopp, B. G. Klupp,
H. Granzow, W. Fuchs, and T. C. Mettenleiter, J. Virol. 76:8820–8833, 2002). To test for possible functional
redundancy between the four tegument proteins, a quadruple gene deletion mutant (PrV-�UL46-49) was
generated and characterized in vitro. Although plaque formation by this mutant was almost abolished and
maximum titers were reduced more than 100-fold compared to those of parental wild-type virus, PrV-
�UL46-49 could be propagated and serially passaged in noncomplementing porcine and rabbit kidney cells.
Electron-microscopic studies revealed that nucleocapsid formation and egress of PrV-�UL46-49 from the host
cell nucleus were not affected, but secondary envelopment of nucleocapsids in the cytoplasm was only rarely
observed. The replication defect of PrV-�UL46-49 could be fully corrected by reinsertion of the UL46-to-UL49
gene cluster. Plaque sizes and virus titers were only slightly increased after restoration of only UL47 expres-
sion, whereas repair of only UL48 resulted in a significant increase in replication capacity to the level of a UL47
deletion mutant. In conclusion, we show that none of the UL46 to UL49 tegument proteins is absolutely
required for productive replication of PrV. Moreover, our data indicate that the UL47 and UL48 proteins
function independently during cell-to-cell spread and virus egress.

Pseudorabies virus (PrV, suid herpesvirus 1), the causative
agent of Aujeszky’s disease of pigs, is a member of the genus
Varicellovirus of the Alphaherpesvirinae subfamily of the Her-
pesviridae (34, 43). It exhibits a type D herpesvirus genome
(43), which consists of two unique regions (UL and US), with
inverted repeat sequences (IR and TR) bracketing the US

region (Fig. 1A). The PrV genome is ca. 143 kbp in size, and its
complete nucleotide sequence was recently determined (B. G.
Klupp et al., unpublished results). Most of the ca. 70 identified
PrV genes exhibit homology to genes in other alphaherpesvi-
ruses such as varicella zoster virus (VZV) (8), herpes simplex
virus type 1 (HSV-1) (31), and equine herpesvirus 1 (44). For
the sake of clarity, most PrV gene designations conform with
their HSV-1 counterparts. Gene arrangements in different al-
phaherpesvirus genomes were also shown to be widely similar
(31, 44). However, PrV contains an internal inversion of the
conserved UL27 to UL44 genes within the UL genome region
(2, 5). Up to now, a related inversion ranging from UL22 to
UL44 was identified only within the genome of a phylogeneti-
cally distant alphaherpesvirus, avian infectious laryngotrache-
itis virus (ILTV) (51). Next to the inverted region, the PrV

genome contains a conserved cluster of four open readings
frames (ORFs) named UL46, UL47, UL48, UL49 (Fig. 1A),
which were shown to encode major components of the virion
tegument (4, 5, 9, 16, 17, 27). Homologues of these four genes
have also been found in all hitherto-characterized alphaher-
pesviruses, including the avian pathogens Marek’s disease virus
(MDV) (48) and ILTV (51), but not in beta- or gammaher-
pesvirus genomes. In ILTV, however, gene clustering is dis-
rupted since the UL47 homologous gene is present in the US

genome region (47, 51).
Extensive investigations of the UL49 and UL48 gene prod-

ucts of HSV-1 revealed remarkable biological properties. The
UL49 protein VP22 is capable of virus-independent trafficking
from cell to cell (12), and the UL48 protein VP16 stimulates
transcription, especially of viral immediate-early genes (1, 6).
A similar function has also been described for the UL48 ho-
mologs of bovine herpesvirus 1 (36), VZV (37), and PrV (16).
The UL46 and UL47 gene products of HSV-1, VP11/12 and
VP13/14, modulate VP16-mediated transactivation (33, 49,
50).

Since the UL46, UL47, UL48, and UL49 proteins represent
important components of the tegument layer which fills the
space between capsids and envelope membranes of mature
herpesvirus particles (43), they may also play an important role
during virion morphogenesis. According to widely accepted
model (reviewed in reference 35), herpesvirus virions are as-
sembled stepwise in different cell compartments. Newly repli-
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cated viral genomic DNA is encapsidated in the host cell nu-
cleus into preformed capsids. These nucleocapsids are then
translocated into the cytoplasm by sequential budding at the
inner leaflet (envelopment) and fusion at the outer leaflet of
the nuclear membrane (de-envelopment). In the cytoplasm, a
secondary (and final) envelope containing glycosylated and
nonglycosylated viral membrane proteins is acquired by the
budding of nucleocapsids into trans-Golgi vesicles, which are
then transported to the cell surface. Secondary envelopment
has to be preceded by addition of more than 15 different
tegument proteins, either to the cytoplasmic nucleocapsids or
to the future budding site, which requires complex interactions
between viral capsid, tegument, and membrane proteins (35).

The UL48 proteins of several alphaherpesviruses play a cen-
tral role in this process, since electron-microscopic investiga-
tions of cells infected with UL48 null PrV and HSV-1 mutants
revealed retention of naked nucleocapsids in the cytoplasm
and a failure to release mature virions (16, 38). Consequently,
productive replication of the respective PrV mutants was se-

verely impaired (16) and no infectious progeny virus could be
isolated from noncomplementing cells infected with UL48-
negative HSV-1 (38, 46). In contrast, VZV and MDV, which,
unlike PrV and HSV-1, are strictly cell associated in vitro, are
able to productively replicate in cell culture without their UL48
homologs (7, 10).

Pull-down experiments indicated a physical interaction be-
tween the UL48 and UL49 gene products of HSV-1 (11), and
in yeast two-hybrid studies the UL49 protein of PrV was shown
to interact with the cytoplasmic domains of envelope glyco-
proteins E and M (gE and gM) (17). However, whereas the
presence of at least one of these two glycoproteins is necessary
for efficient formation and release of infectious PrV virions (3,
4), deletion of UL49 did not detectably affect virion morpho-
genesis, in vitro growth properties, or in vivo virulence of PrV
(9, 17). Thus, the glycoprotein interactions of the UL49 protein
may be required only for its own incorporation into virions (17,
30). Deletion of the UL49 gene products of HSV-1 and bovine
herpesvirus 1 reduced viral replication efficiency but did not

FIG. 1. Generation of virus mutants. (A) Schematic map of the PrV genome, which consists of a UL region and a US region which is bracketed
by inverted repeat sequences (IR and TR). The positions of BamHI restriction fragments are indicated. (B) Enlarged map of the investigated part
of the genome of wild-type PrV-Ka with relevant restriction sites. The positions of repetitive sequences (vertical lines) and the transcriptional
organization (dotted arrows) of the UL50 to UL27 genes (pointed rectangles) are also shown. (C) A cloned BamHI-KpnI fragment of the PrV-Ka
genome (pUC-B1K) and a PCR product containing artificial restriction sites (UL46-PCR) were utilized for construction of the deletion mutant
PrV-�UL46-49 in which the UL46 to UL49 genes were replaced by a kanamycin resistance gene (kanR). Restriction sites in parentheses were lost
during cloning. (D) Plasmid pBl-B1B contains a BamHI-BstEII fragment of the PrV-Ka genome and was used for generation of a PrV-�UL46-49
rescue mutant (PrV-UL46-49R). The transfer plasmids for generation of the single-gene revertants PrV-UL47R and PrV-UL48R were derived
from pBl-B1B by subcloning (see text).
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abolish it, indicating that these two viruses also are able to
productively replicate in the absence of their UL49 protein-
homologous proteins (29, 40; G. Elliott and A. Whiteley, Ab-
str. 26th Int. Herpesvirus Workshop, abstr. 8.09, 2001). Only
the MDV UL49 protein homolog seems to be indispensable
for viral growth (10).

The UL46 and UL47 gene products of HSV-1, MDV, and
PrV are also nonessential proteins, although their deletion
may moderately impair virus replication (10, 27, 42, 49, 50).
For PrV, UL46 or UL47 null mutants exhibited slightly re-
duced plaque sizes in cell culture, whereas only deletion of
UL47 resulted in a ca. 10-fold titer reduction, correlating with
a partial retention of nonenveloped nucleocapsids in the cyto-
plasm of infected cells (27).

The clustered localization of the UL46 to UL49 tegument
protein genes could indicate that they have evolved from a
common ancestral gene in a manner similar to that proposed
for the conserved glycoprotein gene cluster in the US genome
regions of alphaherpesviruses (32). This would suggest that the
UL46 to UL49 gene products may possess related or even
redundant functions during virion morphogenesis. Thus, it ap-
peared conceivable that deletion of one or two of the corre-
sponding genes could be compensated for by the remaining
genes of this cluster, whereas simultaneous deletion of all four
genes might be lethal for the virus. Therefore, several double
and triple mutants with deletions of UL46 and UL47 of HSV-1
(49), PrV (27), and MDV (10), UL48 and UL49 of PrV (16),
or UL46, UL47, and UL48 of MDV (10) have been isolated
and characterized. Each of these recombinants, like the corre-
sponding single gene deletion mutants, proved to be replica-
tion competent in noncomplementing cells. However, previous
attempts to delete UL46 to UL49 together from the PrV ge-
nome were not successful (9).

In the present study, a quadruple mutant lacking the entire
UL46-to-UL49 gene cluster was constructed by mutagenesis of
the bacterial artificial chromosome pPrV-K1 (15), which con-
tains the genome of the wild-type strain PrV-Ka (23). Subse-
quently, a rescue mutant and two triple mutants lacking either
UL46, UL48, and UL49 or UL46, UL47, and UL49 were
generated after reinsertion of the complete deleted genome
fragment or only the UL47 gene or the UL48 gene, respec-
tively. In vitro growth properties of the obtained PrV recom-
binants were investigated, and virion morphogenesis was stud-
ied by electron microscopy. Viruses were propagated in
porcine kidney (PSEK) cells, whereas transfection experi-
ments, growth kinetics assays, plaque assays, and electron-
microscopic analyses were performed with rabbit kidney
(RK13) cells. Cells were grown in minimum essential medium
supplemented with 10% fetal calf serum (Invitrogen).

In different investigations, the part of the PrV genome en-
coding the viral dUTPase (UL50), glycoprotein N (UL49.5),
four tegument proteins (UL49, UL48, UL47, and UL46), and
gB (UL27) has been characterized (GenBank accession no.
U38457, AJ437285, AJ010303, M17321) (5, 17, 21, 41). Assem-
bly of the overlapping DNA sequences permitted the design of
a PrV mutant possessing a 6,319-bp deletion ranging from
codon 5 of UL49 to codon 636 of UL46 (Fig. 1C). For con-
struction of this quadruple gene deletion mutant the plasmid
pUC-B1K, containing a genomic 3,611-bp BamHI/KpnI frag-
ment of PrV (16), and a 1,159-bp amplification product of the

3� part of UL46 flanked by artificial restriction sites (UL46-
PCR) (39) were used (Fig. 1C). After double digestion of
pUC-B1K with SalI and EcoRI a part of the viral insert was
replaced by a 278-bp SalI-EcoRI subfragment of UL46-PCR.
The obtained plasmid was cleaved with SalI and XhoI, and,
after Klenow treatment, the kanamycin resistance gene (kanR)
gene, which had been isolated after amplification of nucleo-
tides 1800 to 2769 of pACYC177 (GenBank accession no.
X06402) by PCR with Pfx DNA polymerase (Invitrogen), was
inserted. The insert fragment of the resulting plasmid was
amplified by PCR with the vector-specific M13/pUC (�47) and
M13/pUC reverse (�48) primers (New England Biolabs) and
used for RecE- and RecT-mediated mutagenesis of pPrV-K1
in Escherichia coli, followed by selection of kanamycin-resis-
tant clones (15). Since previous studies revealed unwanted
effects of the bacterial vector sequences which are inserted at
the gG gene locus of pPrV-K1 (15), they were removed by
cotransfection of RK13 cells (18) with mutated bacterial arti-
ficial chromosome DNA and a plasmid containing the authen-
tic gG gene of PrV (15). Single plaque isolates of the trans-
fection progeny were tested for gG expression by indirect
immunofluorescence, and one positive isolate was further an-
alyzed. Thus, the genome of the resulting mutant, PrV-�UL46-
49, should contain no other differences from that of PrV-Ka
than the deletion of the four tegument protein genes (Fig. 1C).

To confirm that the phenotypic defects of PrV-�UL46-49
were solely caused by the introduced deletion, a revertant in
which the UL46-to-UL49 gene cluster was completely restored
was generated (Fig. 1D). For that purpose a 8,772-bp BamHI/
BstEII subfragment of genomic BamHI fragment 1 of PrV-Ka
was cloned into the vector pBluescript SK(�) (Stratagene)
which had been digested with BamHI and EcoRV. After co-
transfection of RK13 cells with the resulting plasmid pBl-B1B
and virion DNA of PrV-�UL46-49, the rescue mutant PrV-
UL46-49R was isolated (Fig. 1D).

Since previous studies had demonstrated that deletions of
either UL47 or UL48 from the wild-type PrV genome signifi-
cantly affect in vitro replication (16, 27), the corresponding
ORFs, preceded by their own promoter sequences, were indi-
vidually reinserted into the genome of PrV-�UL46-49. The
single gene revertant PrV-UL47R (Fig. 1D) was obtained after
transfection of RK13 cells with PrV-�UL46-49 DNA and a
plasmid which was derived from pBl-B1B by subsequent BclI/
SphI and NheI/StyI double digestions, followed by religation.
Another construct, which had been obtained after insertion of
a 1,602-bp PstI fragment of pBl-B1B into the same plasmid
after prior digestion with SphI and StyI, was used for genera-
tion of a UL48 rescue mutant (PrV-UL48R; Fig. 1D). During
plasmid cloning, all noncompatible fragment ends were
blunted by Klenow treatment prior to ligation. To utilize the
methylation-sensitive restriction enzyme BclI, pBl-B1B had to
be propagated in the dam-negative E. coli strain GM2163
(New England Biolabs). Plaque purification of the virus rever-
tants PrV-UL46-49R, PrV-UL47R, and PrV-UL48R was facil-
itated by their growth advantages compared with the parental
deletion mutant, PrV-�UL46-49. Expression of the restored
genes was verified by indirect immunofluorescence tests, and
all virus recombinants were characterized by restriction anal-
yses and Southern blot hybridization of genomic DNA (results
not shown).
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Viral protein expression was further investigated by Western
blot analyses of RK13 cells which were harvested 16 h after
inoculation with PrV-Ka or with the generated PrV mutants at
a multiplicity of infection (MOI) of 2 (Fig. 2). Cell lysates and
blots were prepared as described previously (16) and incubated
with monospecific rabbit antisera against the UL46 (27), UL47
(27), UL48 (16), and UL49 (4) gene products, against gN (21),
or with a gB-specific monoclonal antibody (MAb) (39). As
described earlier, multiple products of the UL46, UL47, and
UL48 genes could be detected in cells infected with wild-type
PrV-Ka, whereas the UL49 protein, despite its differential
phosphorylation (9), forms a single band with an apparent
mass of ca. 33 kDa (Fig. 2). As expected, no products of the
UL46, UL47, UL48, and UL49 genes were detectable in cells
infected with PrV-�UL46-49 (Fig. 2), although expression of
other viral proteins, for example, gB (Fig. 2), was unaltered. In

cells infected with PrV-UL46-49R the expression of UL46 to
UL49 was indistinguishable from that in PrV-Ka (Fig. 2),
whereas only the UL47 gene products were detected in cells
infected with PrV-UL47R and only the UL48 proteins were
found in cells infected with PrV-UL48R (Fig. 2). In none of the
investigated PrV mutants did we detect truncated gene prod-
ucts, although the first 80 codons of UL49 were preserved in
the genomes of PrV-UL47R and PrV-UL48R, and short parts
of the adjoining ORFs were reinserted together with the com-
plete UL47 or UL48 gene (Fig. 1D). Whereas the resulting
hybrid genes in PrV-UL48R were out of frame, a hybrid pro-
tein, consisting of amino acids 1 to 80 of the UL49 gene
product and 366 to 413 of the UL48 gene product, as well as a
truncated UL46 protein containing amino acids 1 to 79 and 601
to 694, might theoretically be expressed by PrV-UL47R (Fig.
1D). Apparently, however, these hypothetical proteins were
either highly unstable or not sufficiently antigenic to be de-
tected by our antisera.

Remarkably, expression of the UL49.5 gene, which encodes
gN, was significantly reduced in cells infected with PrV-
�UL46-49 (Fig. 2), although the UL49.5 open reading frame
preceding the deleted gene cluster was not affected by mu-
tagenesis (Fig. 1C). This effect was presumably caused by re-
duced transcription or stability of the UL49.5 mRNA. How-
ever, it appeared unlikely that it was a consequence of deletion
of the common polyadenylation (poly[A]) signal of the UL49.5
and UL49 genes in PrV-�UL46-49, since the corresponding
element of the coterminally transcribed UL48 to UL46 genes
was still present (Fig. 1B and C). Significantly reduced gN
expression was also observed in a previously described PrV
UL49 deletion mutant and attributed to the insertion of for-
eign DNA sequences into the 3�-nontranslated part of the
UL49.5 transcription unit (17). In PrV-�UL46-49 the UL49.5
mRNA may be destabilized by the bacterial kanamycin resis-
tance gene inserted between the UL49.5 ORF and the next
available polyadenylation signal. In accordance with this, wild-
type-like gN expression levels were restored after replacement
of the bacterial sequences by the viral UL47 or UL48 ORFs in
the single-gene revertants PrV-UL47R and PrV-UL48R (Fig.
2). On the other hand, in both of these revertants the 5�-
terminal part of the UL49 gene coding region, which may
contain enhancer elements required for efficient transcription
of the UL49.5 gene, was also restored. However, since previous
studies have shown that deletion of UL49.5 has little effect on
in vitro replication of PrV and that, unlike what is found for
other alphaherpesviruses, gN is not required for processing or
virion incorporation of gM (17, 22), a contribution of reduced
gN expression to the observed phenotype of PrV-�UL46-49
was slight at best but cannot be totally excluded.

The successful isolation and propagation of the quadruple
mutant PrV-�UL46-49 in noncomplementing RK13 and
PSEK cells already demonstrated that none of the major teg-
ument proteins encoded by UL46, UL47, UL48, and UL49 is
absolutely required for productive virus replication in vitro.
The infectivity of PrV-�UL46-49 was not strictly cell associ-
ated, since extracellular virus could be recovered after freezing
and thawing infected cells, low-speed centrifugation, and fil-
tration of the supernatant through a 0.2-�m-pore-size filter.
However, the maximum titers of PrV-�UL46-49 were lower,
and its plaques were smaller, than those of any of the described

FIG. 2. Expression of viral proteins. RK13 cells were infected at a
MOI of 2 with PrV-Ka, PrV-�UL46-49, PrV-UL47R, PrV-UL48R, or
PrV-UL46-49R and incubated for 16 h at 37°C. Proteins were sepa-
rated in discontinuous sodium dodecyl sulfate-polyacrylamide gels and
transferred to nitrocellulose filters. Western blots of infected and non-
infected cells were probed with a monoclonal antibody against gB
(�-gB) or monospecific antisera against viral tegument proteins (�-
UL46, �-UL47, �-UL48, and �-UL49) and gN, encoded by the UL49.5
gene (�-gN). Detected proteins were visualized by chemiluminescence
reactions (Super Signal; Pierce) of peroxidase-conjugated secondary
antibodies (Dianova). Molecular masses of marker proteins are indi-
cated at the left.
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mutants lacking one or two of the four investigated tegument
proteins (16, 17, 27). In the present study, plaques were visu-
alized on infected RK13 cells which had been incubated for
48 h under semisolid medium by indirect immunofluorescence
reactions of a gC-specific MAb (24). Compared to those of
PrV-Ka, the average plaque diameter of PrV-�UL46-49 was
reduced by ca. 78% (Fig. 3A). This defect of direct cell-to-cell
spread was corrected in the rescue mutant PrV-UL46-49R
(Fig. 3A). A moderate increase of plaque diameters from 22 to
29% of the wild-type size was observed after repair of only
UL47 in PrV-UL47R (Fig. 3A). Repair of only UL48 restored
cell-to-cell spread much more efficiently, since the plaques of
PrV-UL48R were more than 75% of the size of PrV-Ka
plaques (Fig. 3A). Obviously, the minor cell-to-cell spread
defect of PrV-UL48R was predominantly caused by the ab-
sence of the UL47 protein, since plaque diameters of the
single-gene deletion mutant PrV-�UL47 (27) were very similar
(Fig. 3A).

One-step growth kinetics of the PrV mutants were deter-
mined as described previously (16). This revealed different
contributions of the UL47 and UL48 proteins to productive
replication and egress of PrV (Fig. 3B). The maximum titers of
PrV-�UL46-49 in RK13 cells were reduced ca.100-fold com-
pared to those of PrV-Ka and PrV-UL46-49R (Fig. 3B). The

observed titer reduction of PrV-�UL46-49 was similar to that
of the previously described single-gene deletion mutant PrV-
�UL48 (16), and both viruses exhibited a delayed onset of
replication (Fig. 3B). Virus titers were only slightly increased
after restoration of UL47 gene expression in PrV-UL47R (Fig.
3B). In contrast, the maximum titer of PrV-UL48R was more
than 10-fold higher than that of PrV-�UL46-49 and similar to
that of PrV-�UL47 (Fig. 3B). Thus, our results confirm that
the UL48 and UL47 proteins possess independent functions
which are relevant for formation of mature virions and direct
cell-to-cell spread of PrV. The delayed onset of replication of
PrV-�UL48, and PrV-�UL46-49 might be due to the absence
of the transcription-activating function of the UL48 protein
(16). However, PrV-UL47R, which also lacks major parts of
UL48, did not exhibit this phenotype. As mentioned above,
PrV-UL47R contains an in-frame fusion gene consisting of the
5�-terminal 80 codons of UL49 and the 3�-terminal 48 codons
of UL48 (Fig. 1D). Although the potential fusion protein was
not detectable with the available antisera, the possibility that it
is expressed and incorporated into virions and that it may
induce viral gene expression early after infection cannot be
ruled out. In this context, it should be mentioned that the
major trans-activation domain of the HSV-1 UL48 protein has
been mapped close to its C terminus (20).

FIG. 3. Growth properties in RK13 cells of PrV-Ka; deletion mutants PrV-�UL46-49, PrV-�UL47, and PrV-�UL48; and revertants PrV-
UL47R, PrV-UL48R, and PrV-UL46-49R. (A) After incubation under medium containing 6 g of methylcellulose/liter for 48 h, the infected cell
monolayers were fixed with ethanol, and virus plaques were visualized by immunofluorescence reactions of a gC-specific MAb and fluorescein-
conjugated secondary antibodies (Dako). The mean diameters of 30 single plaques per virus mutant were determined, and percentages of the
wild-type (PrV-Ka) size were calculated. Error bars, standard deviations. (B) For analysis of one-step growth kinetics cells were infected at a MOI
of 2 and incubated on ice for 1 h. Then, prewarmed medium was added, and incubation was continued at 37°C. After 1 h, nonpenetrated virus was
inactivated by low-pH treatment. Immediately thereafter, as well as 4, 8, 12, 16, 24, 36, and 48 h after the temperature shift, cells were scraped into
the medium and lysed by freezing and thawing. Progeny virus titers were determined by plaque assays, and the average results of two independent
experiments are shown. p.i., postinfection.
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To investigate the functions of the UL46 to UL49 gene
products of PrV in more detail, RK13 cells were fixed 12 h
after infection with PrV-�UL46-49 (Fig. 4) or PrV-UL47R or
PrV-UL48R (data not shown) and analyzed by electron mi-
croscopy as previously described (19). Apparently, the four
tegument proteins are not required for the early steps of virion
formation, since no obvious difference in intranuclear virion
maturation was detectable in cells infected with PrV-
�UL46-49 (Fig. 4A and B). DNA-filled capsids were also
transported through the nuclear membrane (Fig. 4C), and de-
enveloped nucleocapsids were observed in the cytoplasm (Fig.
4A, D, and E). However, secondary envelopment in the trans-
Golgi region, as well as release of mature virions, was rarely
detected (Fig. 4A). Only in a few infected cells were cytoplas-
mic nucleocapsids localized in the vicinity of proliferated mem-
branes (Fig. 4E), and budding events could be observed (Fig.
4F). Most of the few extracellular virus particles of PrV-
�UL46-49 were abnormally shaped (Fig. 5D). These virions
contained neither the electron-dense tegument layer nor visi-
ble glycoprotein spikes at the envelope, which are both typical
features of mature wild-type PrV virions (Fig. 5C) (19). In
contrast, perinuclear virions of PrV-Ka (Fig. 5A) and PrV-
�UL46-49 (Fig. 5B) had similar appearances.

Correlating with the minor effects of reinsertion of the UL47
gene on one-step growth and plaque formation (see above),
the defects in virion morphogenesis of PrV-UL47R were sim-
ilar to those observed with PrV-�UL46-49. In contrast, PrV-
UL48R, which expressed UL48 but which lacked UL46, UL47,
and UL49, exhibited almost wild-type-like properties in elec-
tron-microscopic analyses, including efficient release of mature
virions (data not shown).

To our knowledge PrV-�UL46-49 is the first described al-
phaherpesvirus with a deletion of the entire UL46-to-UL49
tegument protein gene cluster. Despite exhibiting a severe
replication defect and drastically reduced viral titers, the ob-
tained virus mutant could be propagated in noncomplementing
cells. Thus, even if the UL46 to UL49 gene products of PrV
possess redundant or overlapping functions, they are either
nonessential for virus replication or can be compensated for by
other viral proteins. For MDV and HSV-1, generation of sim-
ilar mutants was hampered by the essential character of UL49
and UL48, respectively (10, 46). For PrV, deletion of the UL48
gene has also been shown to have the most profound effect on
viral replication (16) while deletion of UL46, UL47, or UL49
had only slight (27) or no effects on viral replication (9, 17).
Like many of its homologs, the PrV UL48 protein enhances
viral immediate-early gene expression in infected cells (1, 6, 16,
36, 37). The HSV-1 UL48 protein was further shown to pre-
vent rapid degradation of viral mRNA by modulation of the
virion host shutoff activity of the UL41 protein (28). A similar
function of the UL48 protein of PrV is conceivable, although
yeast two-hybrid studies and immunoprecipitation experiments
provided no evidence for physical interactions between the
homologous UL48 and UL41 gene products of PrV (data not
shown). Although the onset of progeny virus formation was
delayed in cells infected with UL48-negative PrV mutants,
electron-microscopic studies did not reveal an inhibition of the
early steps in virion formation (16). Growth kinetics of the
quadruple mutant PrV-�UL46-49 were even more delayed,
indicating that the UL46, UL47, and UL49 proteins of PrV,

like their HSV-1 homologs (11, 33, 49, 50), might be involved
in trans-activation of viral gene expression early after infection.
However, nucleocapsid formation in the nucleus and egress
from the nucleus in cells infected with wild-type PrV and in
cells infected with PrV-�UL46-49 appeared very similar. Thus,
although the UL47, UL48, and UL49 gene products of PrV
were detectable in both compartments, the host cell nucleus
and the cytoplasm (9, 16, 27), they are apparently not crucial
for the nuclear steps of virion formation.

In contrast, the cytoplasmic steps of virion morphogenesis
were substantially impaired in cells infected with PrV-�UL46-
49, leading to an inhibition of secondary nucleocapsid envel-
opment in the trans-Golgi region. Similar defects have been
observed with a PrV UL48 null mutant and, although much
less pronounced, also with a PrV UL47 deletion mutant (16,
27). In all cases, these defects detected by electron microscopy
correlated with reduced plaque sizes and virus titers, which
were most severely affected in cells infected with PrV-�UL46-
49. After reinsertion of the entire UL46-to-UL49 gene cluster
into the genome of PrV-�UL46-49, wild-type growth proper-
ties were fully restored. Single-gene repair of UL47 had only
moderate stimulatory effects on virus replication, whereas
plaque sizes and maximum virus titers of the UL48 rescue
mutant PrV-UL48R were significantly increased compared to
those of the parental mutant PrV-�UL46-49. However, wild-
type-like growth properties were not fully achieved, and the
remaining replication defect of PrV-UL48R was very similar to
that of previously described UL47-negative PrV mutants (27).
The additional absence of UL46 and UL49 from the genome
of PrV-UL48R had no detectable effects, which is in agree-
ment with the almost wild-type-like growth properties of
UL46- or UL49-negative PrV mutants (9, 17, 27). Thus, our
results indicate that the contributions of UL48 and UL47 to
both direct cell-to-cell spread and release of infectious virions
are additive and presumably independent of each other.

A remarkable finding of electron-microscopic analyses of
previously described UL48 and UL48/UL49 null PrV mutants
was the presence of high numbers of capsidless particles in and
around infected cells which contained the UL46, UL47, and, if
expressed, UL49 tegument proteins (16). This finding indi-
cated that UL48 is required for secondary envelopment of
cytoplasmic nucleocapsids and for prevention of premature
budding at membranes in the trans-Golgi region (16). Moder-
ate amounts of capsidless particles were also produced by
wild-type PrV and many described recombinants but were not
detectable with PrV mutants lacking the nonessential envelope
glycoproteins gE, gI, and gM concomitantly (3, 4). Interest-
ingly, capsidless particles were also not produced in or released
from cells infected with PrV-�UL46-49 (Fig. 4A), PrV-
UL47R, or PrV-UL48R (data not shown), indicating that in-
teractions of UL46 or UL49 with gE or gM might be a pre-
requisite for efficient budding in the trans-Golgi region. Yeast
two-hybrid studies revealed physical interactions of the UL49
gene product with gE and gM (17). Although capsid-contain-
ing and capsidless particles were also formed in the absence of
UL49 (16), it would be interesting to test whether reinsertion
of the UL49 gene into the genome of PrV-�UL46-49 enhances
secondary envelopment.

PrV-�UL46-49 did not produce capsidless particles, but
budding events involving nucleocapsids were occasionally ob-
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FIG. 4. Virion morphogenesis of PrV-�UL46-49. Electron microscopy of RK13 cells which had been fixed 12 h after infection at a MOI of 1
showed different stages of intranuclear capsid maturation (A and B), transit through the nuclear membrane (C), and accumulation of nonenvel-
oped cytoplasmic nucleocapsids (A [arrowheads], D, and E). Occasionally, budding events were detectable in the cytoplasm (F). Bars, 2 (A), 1 (B
and D), 0.5 (C and E), or 0.2 �m (F).
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served in the cytoplasm of infected cells, and the resulting
particles were also detected in the extracellular space (Fig.
5D). These “virions” apparently contained neither the elec-
tron-dense tegument material nor the typical glycoprotein pro-
jections on their envelopes, as observed in mature virions of
PrV and other herpesviruses (Fig. 5C) (19, 43). The absence of
a pronounced tegument layer was not surprising, since four
major tegument proteins had been deleted in PrV-�UL46-49.
However, considering the apparent absence of glycoprotein
spikes, it appears questionable whether these abnormal PrV-
�UL46-49 particles represent infectious virions.

Nevertheless, PrV-�UL46-49 was shown to be able to pro-
ductively replicate in porcine and rabbit cells. The progeny
virus was not strictly cell associated since it could be filtered
and was resistant to freezing and thawing. Similar levels of
infectious virus were also obtained after infection of cells with
other PrV mutants that exhibit a defect in secondary envelop-
ment due to deletions of gE, gI, and gM (3, 4), the UL37
tegument protein (26), or the UL3.5 gene product (14). These
findings suggest that, besides the described tegumentation and
envelopment pathway (35), a second but less efficient pathway
of virus egress may exist. In the past, a direct release of primary
enveloped virions from the perinuclear space was proposed for
HSV-1 (45). However, UL34 or UL31 null PrV mutants which

are blocked prior to primary envelopment were also demon-
strated to retain a low level of infectivity in noncomplementing
cells (15, 25). Thus, possibly nucleocapsids or other immature
virus particles released during host cell disintegration repre-
sent the infectious units of PrV-�UL46-49 and the other men-
tioned deletion mutants. On the other hand, the possibility that
PrV-�UL46-49 forms small amounts of regular mature virions
which were undetectable in the electron microscope cannot be
excluded.

To investigate the effects of separate and concomitant dele-
tion of UL46, UL47, UL48, and UL49 on the virulence of PrV,
animal experiments have to be performed. Up to now, only a
UL49 single-gene deletion mutant has been characterized in
vivo in a rat model and shown to be indistinguishable from
wild-type PrV (9). It will be of particular interest to study also
the function of the other tegument proteins of PrV during
infection of the central nervous system, since in neurons the
cytoplasmic steps of virion assembly and egress may be distinct
from those observed in other cell types (13).

This study was supported by a grant from the Deutsche Forschungs-
gemeinschaft (Me 854/5-2).
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FIG. 5. Structure of perinuclear (A and B) and extracellular (C and D) virions of PrV-Ka (A and C) and PrV-�UL46-49 (B and D). Ultrathin
sections were prepared 12 h after infection of RK13 cells at a MOI of 1, counterstained with uranyl acetate, and examined by electron microscopy.
Bars, 150 nm.
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