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We describe a technique for the systematic inactivation of nonessential genes within the genome of a

herpesvirus without the requirement for phenotypic selection. This technique is based on the insertion of an
oligonucleotide containing translational stop codons at a random site within a large cloned viral DNA fragment.
Mutant virus is then reconstituted by cotransfection with overlapping viral clones, together comprising the
entire viral genome, as described previously (M. van Zijl, W. Quint, J. Briaire, T. de Rover, A. Gielkens, and
A. Berns, J. Virol. 62:2191-2195, 1988). This technique was used to construct, in a single experiment, a set of
13 viable pseudorabies virus strains with oligonucleotide insertions within all known genes of the Us region
except for the gpSO gene, which proved essential for virus growth in cell culture. The growth rate in porcine
kidney cells of mutants of all nonessential Us genes was similar to that of the parental virus, with the exception
of a mutant of the recently identffied protein kinase gene.

Like other herpesviruses, pseudorabies virus (PRV) has a
complex linear DNA genome, with a size of about 150
kilobase pairs (kbp) encoding at least 50 proteins (see Fig.
1A). The majority of the PRV genes has not been mapped on
the viral genome, and no function has been assigned to most
of the viral gene products. Several techniques for the muta-
genesis of herpesvirus genomes have been described. Most
are based on introduction of a mutation within a cloned viral
fragment and successive recombination in tissue culture of
the mutant fragment into the viral genome (7, 33, 35, 42).
Alternative methods for the generation of mutant virus use
selective growth conditions in vitro (9, 18, 19, 41). In this
report, we describe an approach for linker insertion muta-
genesis of large segments of the PRV genome in a single
experiment. The technique takes advantage of the observa-
tion that digestion in the presence of ethidium bromide of
covalently closed DNA molecules by restriction enzymes
with multiple recognition sites within the fragment preferen-
tially yields full-length linear molecules (25). We applied this
technique to a 27-kbp clone containing the Us region of
PRV, using restriction enzymes with 4-bp recognition se-
quences. At the site of linearization, an oligonucleotide
containing both translational stop codons in all reading
frames and an EcoRI site was inserted. Similar approaches,
used for the construction of linker insertion mutants within a
small viral clone, mostly a single cloned gene, have been
described (3, 4, 38). A set of mutant PRV strains was
generated by overlap recombination after cotransfection of
the oligonucleotide-containing Us clones with overlapping
clones, together comprising the entire viral genome, as
described previously (13, 40).

This method enabled us to construct a series of 13 viable
PRV mutants in a single experiment. Individual genes were
inactivated as a result of premature translational termination
without any previous knowledge of gene organization and
without the requirement for phenotypic selection of the
mutants. The reliability of this technique was validated by (i)
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determination of the sequence flanking a series of oligonu-
cleotide insertion sites, (ii) identification of transcripts con-
taining an inserted oligonucleotide, and (iii) characterization
of protein products, synthesized in vitro and in vivo from a
gene with the oligonucleotide inserted at different positions
within the protein-coding domain.

MATERIALS AND METHODS
Cells and virus. Cell line PK15 and the PRV isolate NIA-3

have been described previously (5). Virus was routinely
propagated in SK6 cells, a porcine kidney cell line. Both cell
lines were cultured in Dulbecco modified Eagle medium
supplemented with 10% (vol/vol) fetal calf serum. Growth of
virus strains in SK6 cells was determined essentially as
described previously (15).
DNA and RNA techniques. Total DNA was extracted from

infected cells as described previously (6). Total RNA was
isolated 7 h after infection of a monolayer of SK6 cells with
10 PFU of virus per cell, as described previously (37).
Common DNA and RNA techniques were performed essen-
tially as described elsewhere (17). In vitro transcription of
cloned genes was performed by using the vector pSP64. In
vitro translation of RNA was done in the presence of
[35S]methionine. Kits for transcription and translation were
supplied by Promega Biotec and used according to protocols
provided by the supplier. DNA sequence analysis was
performed according to the dideoxy-chain termination
method (36), using deaza-dGTP instead of dGTP to eliminate
compressions.
Western immunoblotting. Monolayers of SK6 cells were

infected with virus at 10 PFU per cell in the presence of
tunicamycin (1 ,ug/ml) to inhibit N-linked glycosylation. At
16 h after infection, cells were lysed with phosphate-buffered
saline containing 1% (vol/vol) Triton X-100, 0.5% (wt/vol)
deoxycholate, and 0.1% (wt/vol) sodium dodecyl sulfate
(SDS). Proteins were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and electroblotted to nitrocellulose.
The blot was incubated with anti-gI monoclonal antibody 3/6
(kindly provided by H.-J. Rziha), washed, and incubated
with goat anti-mouse antibodies conjugated to alkaline phos-
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phatase. Glycoprotein gI was visualized with a standard
alkaline phosphatase staining.

Linker-scanning mutagenesis of the PRV Us region. A
palindromic 20-mer oligonucleotide, 5'-TAGGCTAGAAT
TCTAGCCTA-3', was used for insertional inactivation of
PRV genes. The oligonucleotide has the following character-
istics: (i) TAG translational stop codons in all reading frames
and (ii) an EcoRI restriction site that is absent from the
genome of PRV NIA-3. Insertion of this oligonucleotide in
any protein-encoding gene, in any orientation, and in any
reading frame should result in premature translational termi-
nation. Furthermore, the presence of the EcoRI site in the
oligonucleotide greatly facilitates mapping of the site of
insertion of the oligonucleotide. The 27-kbp HindIII-B frag-
ment of PRV NIA-3, containing the Us region (Fig. 1A), was
cloned in the HindIII site of a pBR322 derivative in which
the EcoRI site had been deleted by using the Klenow
fragment of E. coli DNA polymerase I. Three parallel 25-,ug
portions of covalently closed plasmid DNA were digested in
a volume of 125 ,ul for 15 min at 37°C with either one of the
restriction endonucleases FnuDII (2 U), HaeIII (1 U), and
RsaI (0.5 U). Reactions were performed in the following
buffer solutions: FnuDII, 20 mM Tris hydrochloride (pH
7.5)-8 mM MgCl2-50 ,ug of ethidium bromide per ml; HaeIII,
20 mM Tris hydrochloride (pH 7.5)-S50 mM NaCl-8 mM
MgCl2-5 p.g of ethidium bromide per ml; RsaI, 20 mM Tris
hydrochloride (pH 7.5)-S50 mM NaCl-8 mM MgCl2-0.5 ,ug of
ethidium bromide per ml. Under these conditions, approxi-
mately 30% of the DNA was cleaved once to yield full-length
linear molecules, as judged by agarose gel electrophoresis.
Since each of these restriction enzymes has a 4-bp recogni-
tion specificity, the DNA is considered to be linearized at
quasi-random sites. The full-length linear DNA was purified
by CsCl-ethidium bromide density gradient centrifugation,
followed by preparative agarose gel electrophoresis and
electroelution. The purified linear DNA fragments were
ligated with a 50-fold molar excess of the kinase-treated
oligonucleotide. Concatemers of ligated fragments and oli-
gonucleotide were cleaved by EcoRI. Unit-length fragments
were purified by preparative gel electrophoresis and electro-
elution. Of this DNA, 0.5 ,ug was recircularized by ligation in
a volume of 400 ,ul. DNA was precipitated from the ligation
mixture, dissolved in 10 RI1 of TE, and used to transform
Escherichia coli K-12 DH5 by the method of Hanahan (8).
The recombinant clones were examined for integrity by
digestion with BamHI, followed by agarose gel electropho-
resis. The site of insertion of the oligonucleotide was deter-
mined by double digestions with the restriction enzymes
BamHI-EcoRI and BglII-EcoRI, respectively, followed by
agarose gel electrophoresis.

Reconstitution of mutant PRV. PRV with the oligonucleo-
tide inserted at the desired position within the HindIII-B
fragment was reconstituted by cotransfection of cell line
PK15 with the mutant HindIII-B fragment and the overlap-
ping, purified viral insert fragments from cosmids c-179,
c-27, and either c-443 or c-447 as described previously (40).
Cosmid c-447 was derived from cosmid c-443 (40) by deleting
8 kbp of DNA from the right end (starting at an XbaI site
within the BamHI-5 fragment, 3 kbp to the right of the
BamHI-8-BamHI-5 junction; Fig. 1A), thereby reducing the
overlap with the mutant HindIII-B fragment. Mutant virus
obtained in this way was plaque purified three times on SK6
cells. Integrity and identity of the mutant viral DNA were
verified by restriction enzyme digestions of total DNA from
infected cells.

RESULTS

Viability of PRV mutants. Insertion of the oligonucleotide
at quasi-random unique sites within a clone of the Us region
of PRV was used to generate 14 mutant Us clones (Fig. 1A).
An additional Us mutant, named RI, was obtained by
inserting the oligonucleotide in a unique BglII site within the
gpSO gene (Fig. 1A). This set of 15 mutagenized Us clones
was chosen for the reconstruction of mutant viruses. For
that purpose, purified mutant insert fragments were cotrans-
fected with purified overlapping PRV fragments, derived
from cosmid clones, together comprising the complete ge-
nomic information of PRV. Only insertions RI and 322,
located within the gpSO gene (28), did not yield mutant PRV
progeny, indicating that the gpSO protein is essential for
viability of the virus. All other oligonucleotide insertions in
the Us region yielded infectious mutant PRV. Mutant 169,
carrying an oligonucleotide in the internal repeat region in
the BamHI-10 fragment, yielded, besides wild-type (wt)
virus, a PRV mutant with an insertion in both IR and TR
(BamHI-10 and BamHI-12 fragments). A BamHI-EcoRI
double digest of wt NIA-3 DNA and of the mutant PRV
strains is depicted in Fig. 1B.
Growth of Us mutants in tissue culture cells. Mutant strains

549, 247, 149, 522, and 361 were chosen for the determina-
tion of viral growth in SK6 (porcine kidney) cells. These
mutants represent 5' insertions in the recently mapped (M.
van Zijl, H. van der Gulden, N. de Wind, A. Gielkens, and
A. Berns, J. Gen. Virol., in press) protein kinase (549), gX
(247), gp63 (149), gl (522), and l1K (361) genes (Fig. 1A). As
no 5' insertion of the recently discovered (van Zijl et al., in
press) 28K gene was obtained, we constructed a A28K
mutant virus by exchanging the 5.2-kbp BglII-EcoRI frag-
ment of mutant clone 357 (Fig. 1A) for the 4.6-kbp homolo-
gous fragment of clone 351 (Fig. 1A) and cotransfecting this
clone with overlapping viral fragments as described, result-
ing in mutant virus A351-357. All mutants except 549 showed
no consistent differences in growth titers and identical end
titers as compared with wt NIA-3 (Fig. 2). Strain 549, having
an insertion of the oligonucleotide in the protein kinase gene,
between 133 and 134 bp 3' of the major start codon for
translation (van Zijl et al., in press), displayed a lower
growth rate than all other PRV strains tested and also a
lower virus end titer (Fig. 2).

Nucleotide sequences adjacent to insertion sites. To deter-
mine whether alterations had occurred in PRV sequences
bordering the insertion sites, Sau3A-EcoRI fragments of
both sides of the inserted oligonucleotide of seven mutant
HindIII-B fragment clones (as indicated in Fig. 1A) were
cloned in M13mpll and sequenced. In none of the cases was
a deletion or alteration in the sequence found in the PRV
DNA flanking the oligonucleotides.

Transcription of gI and l1K mutants. We examined
whether insertion of the oligonucleotide had affected the size
or relative level of the corresponding transcript. Total RNA
was isolated from PK15 cells 7 h after infection with wt
NIA-3 virus with mutants 522, 326, and 324 (all with an
insertion in the gI gene) or with mutant 361 (having an
insertion in the l1K gene, which is cotranscribed with the gI
gene). After separation on 1% agarose-formaldehyde gels,
RNA was blotted to nitrocellulose and hybridized with a gI
probe (a 1,052-bp BstEII-SphI fragment) and with gX probe
pMZ14 (a 591-bp BamHI-BstEII fragment) as an internal
control (see Fig. 1A for the map positions of the probes). In
all cases, both the levels and the sizes of the transcripts were
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indistinguishable from those seen in the control NIA-3 (data
not shown).

Translational termination caused by the oligonucleotide in
vitro. DraI-BamHI fragments, containing a PRV fragment
starting 46 bp 5' from the start codon of the gI gene and
including the genes for gI and l1K of wt NIA-3 virus and of
mutants 522, 326, 324, and 361 (Fig. 1A), were subcloned in
HindII-BamHI-digested pSP64. RNA was synthesized in
vitro and translated in a rabbit reticulocyte lysate. The
synthesized proteins were analyzed by SDS-PAGE and
autoradiography. In all cases, the mutant gI proteins, syn-
thesized in vitro, showed a size as predicted from the site of
insertion of the oligonucleotide in the gI gene (Fig. 3). This
proves that the oligonucleotide indeed causes efficient trans-
lation termination in vitro. As previously described for gI
proteins synthesized in vitro from some PRV strains (20, 21),
gI migrates as a doublet except for mutants 522 and 326,
which displayed a single band, suggesting that some signal or
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FIG. 1. (A) Physical map of PRV NIA-3 (40) and positions of 15
oligonucleotide insertion sites within the Us region, used for the
reconstitution of mutant PRV strains. The PRV genome consists of
a linear double-stranded DNA molecule (34) that can be divided into
a unique short component (Us) bracketed by inverted repeats (IR
and TR) and a unique long component (Ul) (1). Cleavage sites for
BamHI and HindIII are depicted. The fragments are given in
alphabetical or numerical order according to size. Oligonucleotide
insertion sites in the Us region are indicated by vertical arrows.
Seven mutants, whose insertion sites and surrounding sequences
were determined by sequence analysis, are indicated by a small
arrow below each site of insertion. Genes mapped in the Us region
(27, 28, 30, 32; van Zijl et al., in press) are depicted by horizontal
lines. Probes used in Northern blotting are also indicated. Abbrevi-
ations: B, BamHI; Bg, BglII; H, HindIll. (B) BamHI-EcoRI double
digests of DNA isolated from SK6 cells infected with wt NIA-3 and
13 different Us mutants. Total DNA was isolated from SK6 cells and
infected for 14 h with 10 PFU of wt NIA-3 virus per cell and with the
13 oligonucleotide insertion mutants of the virus. A 2-,Lg sample of
the DNA was digested with BamHI-EcoRI. Note that mutant 169
has an insertion of the oligonucleotide in both repeat regions, i.e, in
BamHI fragments 10 and 12. Sizes of marker fragments (in kilobase
pairs) are indicated on the right.

site for modification of the protein other than glycosylation
may be present between the oligonucleotide insertion sites of
326 and 324. No translation product corresponding to the
l1K gene was found, indicating that the l1K protein is not
cotranslated with the gI protein.

Translational termination caused by the oligonucleotide in
vivo. SK6 cells were infected with control NIA-3 and with
mutant viruses 522, 326, 324, and 361 (Fig. 1A). Total protein
was separated by SDS-PAGE and electroblotted to nitrocel-
lulose, and gI proteins were visualized by consecutive
incubation with a gI-specific monoclonal antibody and a goat
anti-mouse antibody conjugated with alkaline phosphatase,
followed by a standard alkaline phosphatase staining. In all
mutants except 522, the gI-specific bands showed the pre-
dicted size (Fig. 4). Mutant 522 gave no visible gI product,
possibly because of instability of the polypeptide.

DISCUSSION
In this report, we describe the rapid generation of PRV

mutants by the insertion of a 20-mer oligonucleotide at
quasi-random sites within a large cloned subgenomic frag-
ment. Cotransfection of each of the mutant fragments with
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FIG. 2. Growth curves of mutants of every nonessential Us gene. SK6 (porcine kidney) cells were infected at a multiplicity of infection

of 5 by six Us mutants and by wt NIA-3. Virus yield (in PFU) was determined in a total lysate of infected cells combined with culture
supernatant at various time points after infection. Virus was titrated on SK6 cells.

overlapping PRV fragments, derived from cosmid clones and
containing the complete genomic information of the virus,
yields a PRV strain with an oligonucleotide inserted at a
unique site, provided that the mutation is not lethal for the
virus. By this strategy, the expression of a single gene can be
abolished without requiring a phenotypic selection protocol.
We show by a number of analyses that this method is highly
reliable. Firstly, sequence analysis of the flanking DNA of
seven randomly chosen oligonucleotide insertion sites
showed that in all cases the oligonucleotide was inserted in a
cleavage site of one of the three enzymes that were used to
digest the HindIII-B clone (data not shown). No deletions or

changes had occurred in the viral DNA flanking the oligo-
nucleotide. Furthermore, Northern (RNA) blot analysis of
mRNA from cells infected with viable mutant viruses
showed no alterations in the relative levels of the mRNA
carrying the oligonucleotide (data not shown). in vitro trans-
lation of mRNA showed that efficient translational termina-
tion occurred at the site of the oligonucleotide insertion (Fig.
3). Moreover, Western blotting of protein from cells infected
with virus mutants demonstrated that, also in vivo, termina-
tion of translation occurs at the site of insertion of the
oligonucleotide (Fig. 4). The presence of an EcoRI recogni-
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FIG. 3. Glycoprotein gI, synthesized in vitro by wt NIA-3 and by
mutants 522, 326, 324, and 361. Glycoprotein gI genes of wt NIA-3,
of gI oligonucleotide insertion mutants 522, 326, and 324, and of 11K
insertion mutant 361 were cloned into pSP64. Glycoprotein gI

mRNA was synthesized in vitro and translated in a rabbit reticulo-
cyte lysate in the presence of [35S]methionine. Protein was sepa-
rated on a denaturing SDS-polyacrylamide gel, and glycoprotein gI
was visualized by autoradiography. Asterisks indicate the truncated
gI proteins synthesized. Lane M, molecular weight markers; sizes
are indicated in kilodaltons (kD).

43>
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FIG. 4. Western blot of gI proteins, synthesized in vivo by
NIA-3 and mutants 522, 326, 324, and 361. SK6 (porcine kidney)
cells were infected with wt NIA-3, with gI oligonucleotide insertion
mutants 522, 326, and 324, and with 11K insertion mutant 361. Cells
were lysed at 16 h after infection, total protein was separated on a
denaturing polyacrylamide gel and blotted, and glycoprotein gI was
visualized by using a monoclonal antibody, followed by a standard
alkaline phosphatase staining. Asterisks indicate the gI proteins
synthesized. Sizes of molecular weight markers (in kilodaltons) are
indicated. Lane M, mock-infected SK6 cells.
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tion site within the oligonucleotide enables rapid mapping of
the site of insertion, both within the mutagenized cloned
fragment and within the reconstituted mutant virus. The
unique EcoRI recognition site also facilitates further manip-
ulation of the clone and thereby of the mutant PRV virus, as
was demonstrated with the construction of a mutant with a
deletion of the 28K gene. Finally, this approach enables the
construction of multiple oligonucleotide insertion mutants
within a single gene, facilitating the assignment of functional
sites within the protein. The latter is exemplified by the
analysis of insertion mutants within the gI gene, in which we
mapped a putative signal or site for modification of the gI
protein between the oligonucleotide insertion sites of mu-
tants 326 and 324 by an in vitro study (Fig. 3).

In the related herpes simplex virus type 1, most of the
genes in the Us region are dispensable for growth in tissue
culture cells (16, 42). The same applies for PRV; mutants of
the gX (39), gp63 (23, 24, 43), and gI (22, 24, 43) genes were
previously constructed. Large deletions of the gp63, gI, l1K,
and 28K genes are present in attenuated PRV strains such as
vaccine strains Bartha and Norden (19, 29). The Us deletions
in these strains probably have emerged during passage of the
virus on chicken embryo fibroblasts (19). These mutants
displayed a normal growth rate in porcine kidney cells, as
was reported for the Bartha mutant (2, 15) and the Norden
mutant (19). A gX mutant has not previously been tested for
growth in porcine kidney cells; however, a PRV mutant
carrying a deletion of the gene was demonstrated to be as
virulent for mice as was the corresponding wild-type virus
(39). This report is the first to describe a PRV mutant with a
defective protein kinase gene, as was demonstrated by
sequence analysis (this report) and Western blotting exper-
iments (van Zijl et al., in press). Deletion mutants of the
homologous herpes simplex type 1 protein kinase gene have
been described (5, 16, 31). The PRV protein kinase mutant
clearly has the lowest growth rate and the lowest end titer in
porcine kidney cells of all mutant strains constructed and
tested in this study. The inability to obtain oligonucleotide
insertion mutants of the gpSO gene strongly suggests that this
gene is the only Us gene indispensable for replication of PRV
in cultured cells. The latter view was supported by the
observation that viable virus containing oligonucleotide in-
sertions RI and 322 in the gpSO gene (Fig. 1A) can be
generated by overlap recombination in gpSO-producing SK6
cells (B. Peeters et al., unpublished data). The herpes
simplex virus gD gene, which is homologous with gpSO at the
sequence level (28) and seems to be involved in the same
path of entry of virus into cells (26), has been demonstrated
to be essential for virus replication, playing an important role
in the penetration of the virus into the cell (10-12, 14).
By using the technique described here, saturating oligo-

nucleotide mutagenesis of the PRV genome can easily be
achieved. Mutants viable in tissue culture may have defi-
ciencies in genes required for modulation of viral or host
gene expression, host range, or the establishment of latency.
Therefore, analysis of the phenotype of these mutant PRV
strains in cultured cells and in the pig, the natural host for
PRV, can provide insight in PRV gene function and in
virus-host interactions.
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