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Current methods for determining the role of a given gene product in the gammaherpesvirus 68 (yYHV68) life
cycle require generation of a specific mutation by either homologous recombination in mammalian cells or
bacterial artificial chromosome-mediated mutagenesis in Escherichia coli. The mutant virus is then compared
to wild-type virus, and the role of the gene in the viral life cycle is deduced from its phenotype. This process
is both time-consuming and labor intensive. Here we present the use of random, transposon-mediated signa-
ture-tagged mutagenesis for the identification of candidate viral genes involved in virus replication. Pools of
viral mutants, each containing a random insertion of a transposon, were generated with a transposon donor
library in which each transposon contains a unique sequence identifier. These pools were transfected into
mammalian cells, and the ability of each mutant to replicate was assessed by comparing the presence of virus
in the output pool to that present in the input pool of viral genomes. With this approach we could rapidly screen
up to 96 individual mutants simultaneously. The location of the transposon insertion was determined by
sequencing individual clones with a common primer specific for the transposon end. Here we present the
characterization of 53 distinct viral mutants that correspond to insertions in 29 open reading frames within the
vYHV68 genome. To confirm the results of the signature-tagged mutagenesis screen, we quantitated the ability
of each mutant to replicate compared to wild-type YHV68. From these analyses we identified 16 YHV68 open
reading frames that, when disrupted by transposon insertions, score as essential for virus replication, and six
other open reading frames whose disruption led to significant attenuation of virus replication. In addition,
transposon insertion in five other YHV68 open reading frames did not affect virus replication. Notably, all but
one of the candidate essential replication genes identified in this screen have been shown to be essential for the

replication of at least one other herpesvirus.

The gammaherpesviruses include the human pathogens Ep-
stein-Barr virus and Kaposi’s sarcoma-associated herpesvirus.
These viruses establish life-long infections of the host and are
associated with a number of malignancies. To better under-
stand gammaherpesvirus pathogenesis, we and others have
begun to utilize infection of mice with murine gammaherpes-
virus 68 (YHV68). YHV6S8 is a member of the gamma-2-her-
pesvirus subfamily based on genome sequence (13, 51). Se-
quence analysis of YHV68 identified 80 ATG-initiated open
reading frames (ORFs) predicted to encode proteins of at least
100 amino acids in length (51). The majority of these ORFs
were homologous to known genes present in other gammaher-
pesviruses (51). The requirement for most of the predicted
ORFs during viral replication in vitro is unknown.

Traditional methods of generating mutations in gammaher-
pesviruses are time-consuming and labor intensive. Homolo-
gous recombination in mammalian cells relies on the use of a
genetic marker (e.g., lacZ) to allow efficient screening for mu-
tants. The presence of large expression cassettes in the YHV68
genome, such as lacZ, has been shown to generate phenotypes
which are not specific to the gene in question (7). To generate
subtler mutations by this method, insertion cassettes must be
rescued to a mutant genotype. With this two-step approach,
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generation of a subtle mutation (e.g., introduction of a trans-
lation termination codon) in specific viral ORF can take sev-
eral months.

With the cloning of the YHV68 genome as a bacterial arti-
ficial chromosome, the possibility of large-scale screens for
mutant virus phenotypes has become a reality (1). The ease
with which mutant viruses can be generated has removed a
substantial block to genetic analyses of YHV68. Prior to the
emergence of bacterial artificial chromosome technology, mu-
tations which affected genes required for viral replication were
difficult to generate. These mutants required cell lines express-
ing the function deleted in the mutant virus for growth in tissue
culture. Bacterial artificial chromosome-mediated mutagenesis
in Escherichia coli allows mutations to be introduced into the
viral genome in a context which does not require viral gene
function, and thus mutations that disrupt essential genes can
be readily introduced into the viral genome. In addition to
facilitating the production of individual mutant viruses, tradi-
tional bacterial genetic techniques have allowed the generation
of large numbers of mutants in a single step in a random
fashion. Transposon mutagenesis has been employed for large-
scale mutagenesis of pseudorabies virus (47) and cytomegalo-
virus (5, 23, 30, 55). Specific mutant viruses have also been
isolated from large pools of human cytomegalovirus transpo-
son libraries (23). While these approaches are useful for the
isolation of a large number of specific viral mutants, they are
not amenable to assigning function to large numbers of viral
genes simultaneously.
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Simultaneous screening of large pools of mutants has been
effectively addressed in bacterial pathogenesis by the develop-
ment of signature-tagged mutagenesis technology. Signature-
tagged mutagenesis was developed by Holden et al. (6, 21) to
simultaneously analyze the phenotypes of multiple Salmonella
enterica serovar Typhimurium transposon mutants. A pool of
transposons, each containing a unique sequence identifier, was
used to mutagenize S. enterica serovar Typhimurium, and the
resultant mutants were screened for their ability to grow in
mice. Mutants lost during growth in vivo were considered to
have insertions in genes required for growth in the mouse. The
absence of these mutants from the output pool was determined
by Southern blot with the unique sequence identities contained
in the transposon insertions as probes. With this technique, the
authors were able to screen several hundred mutants in slightly
more than 3 months. Nineteen new virulence genes were dis-
covered on a previously unknown pathogenicity island (21).

Since the publication of the original screen, signature-tagged
mutagenesis has been used in a variety of organisms to identify
genes required for various aspects of bacterial and fungal
growth (4). This technique has also been used to identify bac-
terial genes required for pathogenesis and colonization in vivo
(4, 8, 29, 33). Here we report the first use of signature-tagged
mutagenesis for the identification of viral genes required for
replication in vitro. We report the generation and initial char-
acterization of 53 distinct viral mutants, which correspond to
transposon insertions in 29 yYHV68 ORFs and several inter-
genic regions. In addition, we have quantitated the degree of
attenuation of each of these viral mutants for growth in vitro.

MATERIALS AND METHODS

Plasmids and constructs. The YHV68 bacterial artificial chromosome clone
was a kind gift of U. Koszinowski (1). The transposon library containing unique
sequence identifiers was a kind gift of David Holden (21). Strain GS500 is a
RecA™ E. coli strain and was a gift from Greg Smith (47). E. coli S17\pir bacteria
were provided by Andrew Darwin (8).

Transposition and isolation of YHV68 transposon mutants. Transposition of
the yHV68 bacterial artificial chromosome was performed as described by Smith
et al. (47). Briefly, E. coli S17\pir bacteria containing the transposon donor
vector pUTminiTn5Kn with unique sequence identifiers were mated to E. coli
GS500containing the GHV68 bacterial artificial chromosome. Following a 1-h
incubation in 10 mM MgSO,, bacteria were collected on sterile Millipore filters,
and the filters were placed bacteria side up on Luria broth (LB) plates at 37°C
for approximately 8 h. Filters were transferred to 100 ml of LB medium con-
taining kanamycin and chloramphenicol and allowed to incubate overnight at
37°C. The yHV68 bacterial artificial chromosome contains the chloramphenicol
acetyltransferase cassette, and kanamycin resistance is encoded in the transpo-
son. The following day, 100 ml of fresh LB medium containing kanamycin and
chloramphenicol cultures was inoculated, and the bacteria were allowed to grow
for 6 h at 37°C with shaking. The bacteria were harvested, and DNA was
prepared with a Qiagen Midi Prep kit as per the manufacturer’s instructions.
DNA was electroporated into fresh E. coli DH10B (Genehogs; Invitrogen) and
plated on LB plates containing kanamycin and chloramphenicol. This step en-
sures that the Kan" phenotype is due to insertion of the transposon in the viral
genome rather than the E. coli genome. The following day, each individual
colony was picked and seeded into 100 wl of LB medium containing kanamycin
and chloramphenicol in a single well of a 96-well plate. As the sequence of the
unique sequence identifier is variable, each mutant was screened for efficient
hybridization. Matings were arranged in 96-well plates, and the plates were
screened by colony hybridization for mutants containing unique sequence iden-
tifiers with efficient hybridization profiles (see below for colony blot-hybridiza-
tion protocol). Mutants displaying poor hybridization were removed from the
pool, and the plates were reformatted to contain only mutants with unique
sequence identifiers which hybridized efficiently.

Generation of radiolabeled sequence identifier probes. yHV68 DNA prepared
from either bacterial cultures (input pool) or purified virion DNA (output pool)
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was used to generate probes as described by Holden et al. (21). This method uses
two rounds of PCR to generate probes of sufficient specific activity. In the first
round, 5 ng of viral DNA was mixed with 20 mM Tris-Cl, pH 8.3, 50 mM KCl,
2 mM MgCl,, 0.01% Tween 20, 200 pM each deoxynucleoside triphosphate, 2.5
U of Tag (Promega), and 770 ng of primer P2 (5'-TAC CTA CAA CCT CAA
GCT-3") and P4 (5'-TAC CCA TTC TAA CCA AGC-3'). PCR conditions were
as follows: 4 min at 95°C and 20 cycles of 50°C for 45 s, 72°C for 10 s, and 95°C
for 30 s. PCR products were subsequently run on a 1.6% SeaPlaque low-melting-
point agarose gel, and a fragment of approximately 80 bp was excised and diluted
by the addition of 20 pl of water. The second-round PCR mixture was essentially
the same as that in the first round with the following modifications: 50 mM each
dATP, dTTP, and dGTP; 10 pl of [**P]dCTP (3,000 Ci/mmol, Amersham); 150
ng each of primers P2 and P4; and 3 pl of first-round PCR product in a total
volume of 20 wl. PCR conditions were the same as for the first-round PCR.
Following the second-round PCR, the reaction was diluted to 200 pl with 1Xx
NEB#2 buffer and 40 U of HindIII restriction enzyme (New England Biolabs)
to remove the primer hybridization sites. The reaction was incubated for at least
2 h at 37°C, denatured for 5 min at 95°C, chilled on ice, and then added directly
to colony blots for hybridization overnight.

Colony blot hybridization and DNA preparation. Colony blot hybridizations
were performed as described in Hensel et al. (21). Colonies from 96-well plates
were transferred to a nitrocellulose membrane on an LB plate containing kana-
mycin and chloramphenicol with a 96-prong replicator (Sigma). Plates with
membranes were incubated overnight at 37°C. The following day, the membrane
was lifted from the plate and placed onto Whatman paper soaked in 0.4 M
NaOH for 8§ min. Membranes were then neutralized for 5 min in a solution of 0.5
M Tris-Cl, pH 7.0, with shaking and then washed in 2X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate) for 5 min. Excess liquid was drained, and the
DNA was fixed to the membrane by UV cross-linking (Stratalinker; Stratagene).
Colony blots were hybridized in 0.25 M NaPO, (pH 7.2)-7% sodium dodecyl
sulfate (SDS)-1 mM EDTA (pH 8.0)-50% formamide in the presence of 250 pg
of denatured salmon sperm DNA per ml. Following hybridization, the colony
blots were washed twice for 30 min in 0.25 M NaPO, (pH 7.2)-2% SDS-1 mM
EDTA (pH 8.0) at 65°C. Next the blots were transferred to a solution of 0.05 M
NaHPO, (pH 7.2)-1% SDS-1 mM EDTA (pH 8.0) and washed twice for 30 min
each at 65°C. Blots were exposed to phosphorimager screens and analyzed on a
Typhoon Imager (Amersham).

Transfections. Individual YHV68 bacterial artificial chromosome clones were
transfected into Vero cells constitutively expressing Cre recombinase (Vero-Cre)
with the Superfect transfection reagent (Qiagen). Two micrograms of DNA of
each mutant clone was transfected in duplicate into 2 X 10° cells. Wild-type
GHV68 bacterial artificial chromosome DNA was transfected in two separate
wells in each experiment to control for transfection efficiency. Wells were har-
vested 4 days posttransfection for quantification of virus growth by plaque assay,
as described below. Vero-Cre cells were a kind gift from David Leib.

For screening in bulk the mutants present in a 96-well master plate, DNA was
isolated from bacterial cultures containing all clones from an individual row of
the 96-well master plate. Two micrograms of DNA from each row was subse-
quently transfected in duplicate into Vero-Cre cells. Four to 5 days following
transfection, cells were harvested. One hundred microliters from each transfec-
tion row (eight rows total) was mixed together into a total volume of 800 w.l. This
mixture was then used to inoculate four 162-cm? tissue culture flasks for prep-
aration of infectious DNA, as previously described (29). To confirm the results
obtained following transfection of DNA prepared from pooled row cultures,
DNA was also prepared from pooled bacterial cultures from each column of the
96-well master plate, and infectious DNA was prepared as described above. The
results obtained following column pool DNA transfections were identical to
those obtained following transfection of pooled row DNA.

Plaque assays. Plaque assays were performed with Vero-Cre monolayers un-
der a Noble agar overlay, as described previously (26), with the following alter-
ations. Vero-Cre cells were plated in six-well plates at 2 X 10 cells per well the
day prior to infection. Samples to be titered were thawed, and then 10-fold di-
lutions were made in complete Dulbecco’s modified Eagle’s medium and plated
onto Vero-Cre cell monolayers. Infections were performed in a 100-pl volume,
and plates were rocked every 15 min for 1 h at 37°C. Samples were overlaid with
3 ml of a 1:1 mixture of 1% Noble agar and 2X minimal essential medium sup-
plemented with 10% fetal bovine serum and 2X concentration of antibiotic and
L-glutamine and 300 pg of hygromycin B (Calbiochem) per ml. An additional 2
ml of Noble agar-2X minimal essential medium mixture was added between days
3 and 6 postplating. Monolayers were stained between days 6 and 8 by the ad-
dition of 2 ml of neutral red overlay (0.01% neutral red in 2X Dulbecco’s
modified Eagle’s medium diluted 1:1 with 1% Noble agar). After 18 to 24 h,
plaques were counted. The limit of detection for this assay is 10 PFU per sample.
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RESULTS AND DISCUSSION

Generation of a library of random transposon insertion
mutant YHV68 bacterial artificial chromosome clones. To gen-
erate the input pool of mutant viruses required for signature-
tagged mutagenesis, we obtained from David Holden a library
of transposon-containing vectors that have previously been
used for signature-tagged mutagenesis screens in bacteria (8,
21, 29, 33). Each plasmid of the library contains a transposon
with a unique sequence identifier and kanamycin resistance
cassette (Kan") located within the transposon ends (Fig. 1A).
This vector also supplies a transposase expression cassette. The
unique sequence identifier consists of a 40-bp variable se-
quence flanked by invariant arms (Fig. 1A). These arms are
used as primer binding sites for P2 and P4 (see Materials and
Methods) to allow generation of probes by PCR, as discussed
below. Notably, this transposon donor vector is not capable of
replicating in normal laboratory strains of E. coli (e.g., DH5«
and DH10B) due to restrictions on the plasmid origin of rep-
lication.

E. coli strain S17\pir, containing the transposon library, was
mated to E. coli DH10B, containing the yYHV68 bacterial ar-
tificial chromosome, and the resulting colonies were selected
on LB plates containing kanamycin and chloramphenicol (Fig.
1B). In this system, chloramphenicol resistance (Cam") is sup-
plied by the yHV68 bacterial artificial chromosome. As the
transposon vector is incapable of replicating in E. coli DH10B,
only E. coli DH10B in which a transposition event has taken
place will be Cam" Kan".

As the transposon can incorporate into either the E. coli
genome or the yYHV68 bacterial artificial chromosome, bacte-
rial artificial chromosome DNA was extracted from the excon-
jugates and electroporated into fresh E. coli DH10B. Cam”
Kan" colonies from this transfection were transferred to a well
of a 96-well plate and grown overnight in LB medium contain-
ing kanamycin and chloramphenicol (Fig. 1B). Each mating is
predicted to give rise to 8 to 12 unique insertion events. There-
fore, each row of mutants in a 96-well plate was derived from
a separate mating.

To determine whether or not a given clone is present fol-
lowing a selection event, it is necessary to be able to distinguish
one clone from another. In the signature-tagged mutagenesis
approach, the unique sequence identifiers are used for this
step. DNA was prepared from a pooled culture of all the
mutants on a given 96-well plate (Fig. 1B). PCR with primers
specific for the invariant arms flanking the unique sequence
identifier was performed in the presence of «[*?P]cytosine
(Fig. 1A). The invariant arms were cleaved from the resulting
PCR product, and the radiolabeled PCR product was used to
probe colony blots prepared from the master plate (Fig. 1B;
also see Materials and Methods). Not all of the mutants gen-
erated in the initial mating process were suitable for use. This
is due to the nature of the variable sequence; some unique
sequence identifiers contain relatively few cytosine nucleotides
and therefore incorporate label poorly in the PCR step. In
addition, some transposon inserts may not contain unique se-
quence identifiers or may complement one another if trans-
fected into the same cell. The latter process may lead to low-
level replication, a concern when screening for essential viral
genes. However, despite the possibility of complementation,
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comparison of the pre- and postscreen colony blots revealed
clear differences in the intensity of signals for specific mutants
(Fig. 1B).

Analysis of in vitro replication screen results. To confirm
the predictions made from the signature-tagged mutagenesis
screening of the library of transposon mutants, DNA from
individual mutants was transfected into mammalian cells.
Wild-type DNA was transfected in parallel to control for trans-
fection efficiency. Four days posttransfection, wells were har-
vested and titered on Vero-Cre cells. The results of 53 such
independent analyses are presented in Tables 1, 2, and 3. In
general, the results obtained from the colony blots accurately
predicted the ability of a given mutant to replicate. Of 15 initial
colonies whose hybridization profile indicated a defect in viral
replication, 13 were found to be severely attenuated for growth
when analyzed individually. In addition, of 14 mutants pre-
dicted to be nonattenuated for replication, 12 grew to titers
comparable to that of the wild type following independent
transfection. When colonies were randomly screened (e.g., all
colonies in a column were tested regardless of hybridization
profile), approximately 75% of the mutants analyzed were
found to be severely attenuated for growth in mammalian cells.
Therefore, our ability to successfully predict the nonattenuated
phenotype confirms that the hybridization profile observed for
a given mutant was strongly predictive of the ability of that
mutant to replicate in tissue culture.

As shown in Tables 1 to 3, transposon insertions were found
in 27 different ORFs, as identified in Virgin et al. (51). Sites of
transposon insertion in each bacterial artificial chromosome
mutant were determined by sequencing with a primer, EBACI,
specific for the transposon (5'-ACA GCC GGA TCC TCT
AGA GTC-3") (Fig. 2). The majority of disrupted ORFs were
found to be required for viral replication in mammalian cells,
as would be predicted by their homology to genes in other
herpesviruses (Table 1). Importantly, all candidate essential
gene mutants were examined by restriction endonuclease di-
gestion with EcoRI to assess the presence of rearrangements
or deletions in the viral genome. Notably, no deletions or
rearrangements were detected (data not shown), indicating the
absence of any gross structural changes, although subtle
changes in viral genome structure cannot be ruled out. How-
ever, with the exception of two candidate essential gene dis-
ruptions (ORFs 29a and 44), multiple independent transposon
mutants were recovered (Table 1). In addition, as discussed
below, nearly all the genes identified by transposon insertion as
being involved in virus replication in vitro (essential and atten-
uated replication phenotypes; Tables 1 and 2) have also been
identified as being involved in the replication of other herpes-
viruses (Tables 1 and 2).

Transposon disruption of ORF6 indicates that this is an
essential gene, as would be predicted by its homology to the
single-stranded-DNA-binding protein of other herpesviruses.
Along these lines, the gH, gB, and gM homologues (ORFs 22,
8, and 39, respectively), proteins associated with viral DNA
replication (ORFs 40, 44, and 56), and genes involved in trans-
port and packaging of viral genomes (ORFs 29b, 29a, and 7)
were all identified as being essential for viral replication. In-
sertions in ORF43, predicted to encode part of the viral capsid,
also abolished virus replication. A mutation in ORF50 was
found to abolish virus replication in culture, consistent with
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FIG. 1. (A) Schematic illustration of the transposon used in the signature-tagged mutagenesis analysis (11). The Kan' cassette and a unique
sequence identifier are contained within the transposon ends. The unique sequence identifier, or tag, consists of a 40-bp variable region flanked
by invariant sequence arms. Primers specific to the invariant arms were used to generate tag-specific probes by PCR in the presence of
[a-*?P]dCTP. Following PCR amplification, the invariant arms were removed by digestion with HindIIl. N = A, C, G, or T; K = G or T.
(B) Illustration of the steps involved in generating and screening the YHV68 signature-tagged transposon mutant library. A library of transposon
plasmids in which each plasmid contains a unique sequence identifier harbored in E. coli S17\pir was mated to E. coli GS500 containing the YHV68
bacterial artificial chromosome, and Cam" Kan" colonies were isolated. Cam" Kan" bacteria were used to prepare bacterial artificial chromosome
DNA, which was electroporated into E. coli DH10B, ensuring that the Kan" phenotype was due to transposon insertion into the yYHV68 bacterial
artificial chromosome rather than the E. coli genome. From each mating, 12 transposon insertion mutants were isolated and used to seed one row
of a 96-well plate (i.e., each row was derived from a separate mating). Bacterial artificial chromosome DNA preparations were made from pooled
row cultures and transfected in duplicate into Vero-Cre cells. This DNA is referred to as input DNA. The supernatants from each row transfection
were harvested 5 days later, mixed, and amplified on fresh Vero-Cre cells. The resultant virus was used to generate virion DNA. The virion DNA
is referred to as the output DNA. Tag-specific probes were generated from input and output DNAs, and probes were hybridized to duplicate colony
blots of the master plate. Changes in hybridization intensity for a given mutant between the input and output blots were indicative of the ability
of that mutant to grow in Vero-Cre cells. Shown are representative hybridizations of input and output probes to colony blots of one of the master
plates of YHV68 transposon mutants.
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TABLE 1. Transposon insertions in candidate essential genes

J. VIROL.

Mutant Insertion point Gene Coordinates Prop(‘)se(;l Attenuation Phenotype of targeted null mutants
(bp) (bp) function (reference)

Cs 13227 ORF6 11215-14523 ssDNABP? >10e6 HSV“ (53), EBV“ (15), HCMV“ (55)

3E5 14101 ORF6 ssDNABP? >10e6

Fo6 16508 ORF8 16505-19051 ¢B >10e6 HSV“ (41), EBV“ (21), HCMV“ (55)

2B6 16508 ORFS8 ¢B >10e6

E9 36104 ORF22 34833-37022 ¢H >10e6 HSV“ (16), EBV“ (38), HCMV“ (55)

E4 36139 ORF22 ¢H >10e6

2E2 46675 ORF29b 47434-46395 Packaging protein >10e6 HSV“ (42), HCMV“ (55)

2B7 46591 ORF29b Packaging protein >10e6

2B5 48089 ORF31 47710-48309 >10e6 HCMV“ (55)

2C5 48089 ORF31 >10e6

3C8 49822 ORF33 49588-50568 >10e6 HSV?” (2), HCMV? (55)

2C7 49831 ORF33 >10e6

2C8 51195 ORF29a 51466-50549 Packaging protein >10e6 HSV“ (42), HCMV“ (55)

2C3 51643 ORF34 51465-52460 >10e6 HCMV* (55)

H9 51643 ORF34 >10e6

2E8 51678 ORF34 >10e6

2C9 56113 ORF39 56950-55802 M >10e6 HSV?” (32), HCMV* (23, 55)

G7 56910 ORF39 M >10e6 PRV” (12), EBV® (27)

F5 56901 ORF39 M >10e6

2B3 60253 ORF43 61334-59634 Capsid protein >10e6 HSV“ (28), HCMV* (55)

3D10 61215 ORF43 Capsid protein >10e6

2F2 63427 ORF44 61303-63630 Helicase-primase >10e6

E12 68345 ORF50 67907-69373 Rta homolog >10e6 EBV“ (14), GHV68* (40)

3E2 68430 ORF50 Rta homolog >10e6

2E5 73917 ORF56 73289-75793 DNA replication? >10e6 HSV“ (18), HCMV* (55)

G5 73908 ORF56 DNA replication? >10e6

3A11 73500 ORF56 DNA replication? >10e6

3A12 73589 ORF56 DNA replication? >10e6

3B12 74382 ORF56 DNA replication? >10e6

3G10 75127 ORF56 DNA replication? >10e6

3D9 75232 ORF56 DNA replication? >10e6

3A9 75479 ORF56 DNA replication? >10e6

3F6 75580 ORF56 DNA replication? >10e6

C4 89812 ORF64 86567-93937 Tegument protein? >10e6 HSV“ (9), HCMV? (55)

3F1 90134 ORFo64 Tegument protein? >10e6

HI12 95396 ORF66 95741-94515 >10e6 HCMV“ (55)

2E6 95396 ORF66 >10e6

“ Viral gene product is essential for virus replication in vivo.
® The mutant is attenuated for replicated in vivo.

¢ HSV, herpes simplex virus; EBV, Epstein-Barr virus; HCMV, human cytomegalovirus; PRV, pseudorabies virus.

4 SSDNABP, single-stranded DNA-binding protein.

previously published data demonstrating an essential role for
the ORF50 gene product, Rta, in virus replication (40, 54). In
addition, several ORFs (ORFs 31, 34, and 66) of unknown
function were identified as being required for efficient viral
replication in vitro. ORFs homologous to all three are found in
both beta- and gammaherpesviruses, but there are no known
cellular homologues of these viral genes to aid in predicting the
functions of these viral gene products.

The in vitro screen also identified a number of viral mutants
that were capable of replication in tissue culture (Tables 2 and
3). While some of these mutations resulted in decreased rep-
lication compared to the wild type (Table 2), several replicated
to levels equivalent to that of wild-type virus (Table 3). Viral
mutants containing insertions in ORFs 25 and M9 were found
to be compromised for replication, with defects of 100- to
1,000-fold, respectively. M9 is a candidate latency-associated
gene based on the observed expression of a transcript corre-
sponding to the M9 OREF in latently infected splenocytes (44,
52).

Several ORFs of unknown function were found to tolerate
transposon insertions. ORFs 10, 27, 49, 56, and 66 fall into this
category. While no cellular homolog has been identified for
these ORFs, viral homologues are found in gamma- and beta-

herpesviruses for all of these ORFs, indicating that their func-
tion has been conserved and thus is likely important for some
aspect of herpesvirus pathogenesis. The M designation for
some of the ORFs present in the YHV68 genome indicates that
these ORFs are unique to yYHV6S (i.e., no obvious homologues
in the other herpesviruses). Insertions in ORFs M2 and M4 did
not affect the ability of the virus to replicate in vitro. The
phenotype observed for the M2 mutant corresponds to that
observed with an M2 mutant virus containing a premature
translational stop codon, which was also found to replicate as
well as the wild-type virus did in vitro (24). In addition, we have
recently characterized an M4 knockout virus and shown that it
is wild type for replication in vitro but exhibits a defect in the
early establishment of latency in vivo (N. Moorman, A. Evan,
and S. H. Speck, unpublished data).

Identification of functional domains by signature-tagged
mutagenesis. Several open reading frames characterized in this
screen were identified multiple times. Five pairs of mutants
were found in which the transposon had inserted at the same
site. Two of these pairs of mutants (2B5 and 2C5 and H3 and
F9) were found on the same master plate and may therefore be
siblings from the same mating reaction. The other three pairs
of mutants (F6 and 2B6, 2C3 and H9, and H12 and 2E6), which
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FIG. 2. Schematic illustration of the YHV68 genome indicating the locations of predicted viral genes as originally described by Virgin et al. (51).
Shown in color are the genes that were assessed by the signature-tagged mutagenesis analysis presented here, which denotes genes that were
identified as essential for virus replication (red) as well as those that exhibited an attenuated phenotype (orange) and those which appeared to be
dispensable for virus replication (green). Also shown for reference are the viral genes that have been specifically knocked out by targeted
homologous recombination and shown to be nonessential for virus replication in tissue culture (blue). The last group included the unique genes
M1 (7), M2 (24), M3 (49), M11 (17), gene 4 (26), K3 (48), gene 72 (v-cyclin) (50), gene 73 (LANA) (35), and gene 74 (v-GPCR) (34). v-GPCR,

viral G-protein-coupled receptor.

arose from separate mating reactions, appear to reflect trans-
poson “hot spotting.” While the TnS transposon inserts in
many sites in the yYHV68 genome, site preference for this
transposon has been documented in other systems (31). This is
presumably the result of site bias in transposon insertion
events. Therefore, these pairs of mutants most likely represent
separate transposon insertions into the same locus.

Another region of the viral genome that was densely tar-
geted was ORF56, where 10 transposon insertions were
mapped (Tables 1 and 2). For each of these mutants, the
transposon integration site was unique. Nine of these muta-
tions were found to result in an essential phenotype (>10°-fold
attenuation of replication compared to wild-type yYHV68) (Ta-
ble 1). However, a transposon insertion near the 5’ end of the
predicted ORF caused only a modest decrease in viral repli-
cation (ca. 10-fold) (mutant 2B2 in Table 2). This result was
surprising in light of the results with the other mutants. The

ability of this mutant to replicate efficiently may indicate that
the actual translation start site of ORF56 is downstream of the
predicted start site or that ORF56 is spliced, with the transpo-
son insertion in mutant 2B2 occurring within an intron.
Analysis of the insertion in ORF39 revealed hints about
functional domains of the protein. ORF39 encodes the gM
glycoprotein of yHV6S, which is predicted to be 409 amino
acids in length and span the membrane multiple times, with its
N terminus located in the cytoplasm. All members of the her-
pesvirus family encode gM homologues, although the precise
role of gM in the viral life cycle remains unclear. Several
reports have suggested that gM is required for efficient viral
egress from infected cells (3, 37, 46). Mutants of pseudorabies
virus and equine herpesvirus lacking gM were found to be
capable of replicating in vitro but had profound defects in their
ability to replicate and cause disease in vivo (11, 36). In the
case of Epstein-Barr virus, disruption of the gene encoding gN

TABLE 2. Transposon insertions that attenuate virus replication in vitro

Mutant Insertion point Gene Coordinates Proposed function Attenuation Phenotype of targeted null mutants
(bp) (bp) (reference)

Ell 42564 ORF25 40263-44381 Major capsid protein 10e4 HSV“ (10), HCMV“ (55)

2A1 55307 ORF37 54129-55586  Alkaline exonuclease 10e5 HSV? (19)*, HCMV* (55)

B1 55919 ORF39 56950-55802 gM 10e5 See Table 1

2F8 66695 Insertion between ribonucleotide ORFS 48 and 49 10e2

2E10 67145 ORF49  67643-66741 10e2

2D6 67156 ORF49 10e3

2B2 73351 ORF56  73289-75793 10el

3D6 80425 ORF60  80479-79565 Ribonucleotide reductase, S 10e3 HSV?” (20)

2C1 80950 ORF61  82865-80517 Ribonucleotide reductase, L 10e3 HSV” (20) HCMV?” (39)

F2 94117 M9 94519-93962  Glycoprotein 10e3

2H1 95393 ORF66  95741-94515 10e3 HCMV* (55)°

“ Viral gene product is essential for virus replication in vivo.
® The mutant is attenuated for replication in vivo.
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TABLE 3. Transposon insertions that do not affect virus replication in vitro

Insertion point Coordinates

Mutant Gene

Proposed function

Attenuation Phenotype of targeted null mutants

(bp) (bp) (reference)
2H2 BAC vector NA®? 0 NA®
2F10 BAC vector NA® 0
3E3 1441 NA®? Insertion between t.4 & t.5¢ 0 NA®?
2D10 4258 M2 4627-4031 0 GHV68 (24)
2D3 4915 NA®? Insertion between M2 & M3 0 NA®?
2B4 5186 NA®? Insertion between M2 & M3 0
2E4 8772 M4 8409-9785 Secreted protein 0 yYHV68 (unpublished data)
3G12 9421 M4 Secreted protein 0
H3 22963 OREF 10 22269-23522 dUTPase? 0 HSV“ (43), PRV“ (25), VZV* (45)
F9 22963 OREF 10 dUTPase? 0
G6 45794 OREF 27 45329-46090 dUTPase? 0
2C4 46337 NA® Insertion between ORFS 27 & 29b 0 NA®?
2Gl11 112891 OREF 75b 113901-110077 FGARATY 0
2A12 118325¢ M12/M13 117992-118681/ 0

118149-118784

“ No growth defect of mutant virus in vivo.
> NA, not applicable.

¢ yHV68 encodes eight tRNA-like genes which are clustered near the left end of the viral genome. The genome coordinates for t.4 are bp 1182 to 1254, and for t.5

they are bp 1588 to 1659.
4 FGRAT, N-formylglycinamide ribotide amidotransferase.

¢ The transposon insertion site lies inside the terminal repeat, while the M12 and M13 ORFS are initiated within the unique sequence at the right end of the virus.
The current insertion assignment assumes that the transposon is inserted in the first copy of the terminal repeat adjacent to the unique sequence at the right-hand end

of the YHV68 genome.

results in the absence of both gN and gM and a severe defect
in virus egress (27).

A similarly severe defect was observed with transposon in-
sertions into the YHV68 gM gene. Three different insertion
mutants of ORF39 were found in the course of our screen.
Two of these mutants, containing transposon insertions at
amino acids 37 and 278, were found not to replicate to detect-
able levels (Table 1). An additional mutant containing an in-
sertion at amino acid 370 was capable of replicating in culture,
though at greatly reduced levels compared to the wild-type
virus (Table 2). The transposon insertion in this mutant is
predicted to disrupt the coding sequence after the final mem-
brane-spanning domain of the protein, presumably resulting in
the production of a partially functional gM mutant.

Conclusion. While the data presented here do not represent
an exhaustive analysis of the YHV68 genome, they do assess
the contribution of 27 ORFs to yHV6S replication in tissue
culture. There are several important caveats to signature-
tagged mutagenesis analyses that should be considered when
interpreting these results. First, the insertion of a transposon
into the viral genome could affect the expression of surround-
ing genes as well as of the disrupted gene. As such, the essen-
tial genes identified here should be considered candidate es-
sential genes. In addition, some transposon insertions into
essential genes could result in the production of a partially
functional protein (e.g., see discussion above of transposon
insertions in the gM gene). Confirmation of their essential role
in virus replication will require the introduction of subtler
mutations into the viral genome. Conversely, some transposon
insertions into essential genes could result in the production of
a partially functional protein (see discussion above of transpo-
son insertions in the gM gene). Finally, the assignment of
function to a given ORF was based solely on the sequence
analysis of the YHV68 genome outlined in Virgin et al. (51), in
which predicated viral genes based on ORFs encoding proteins

of greater than 100 amino acids in length and/or the presence
of homology to known cellular or viral genes.

The transposon insertions analyzed here would be predicted
to disrupt transcription on both strands of the viral genome,
and therefore the phenotypes described may actually be due to
disruption of an unknown ORF. Additionally, this analysis only
takes into account disruption of open reading frames and not
disruption of cis-acting DNA elements that may be required
for virus replication. Notwithstanding these concerns, the ma-
jority of candidate essential genes identified in our signature-
tagged mutagenesis screen correspond to gene products whose
functions are very likely required for virus replication and/or
have been shown to be essential for replication of other her-
pesviruses (see discussion above and Tables 1 and 2).

In summary, the cloning of the YHV68 genome as a bacterial
artificial chromosome has greatly increased the speed with
which specific viral mutants can be obtained and initially ana-
lyzed. With the techniques described here, we have been able
to tentatively assign an in vitro replication phenotype to 27
viral genes. While this analysis does not assign a phenotype to
all the known YHV68 OREFs, this approach should make that
goal feasible. Additionally, this approach should be applicable
to screening pools of transposon mutants in vivo. Experiments
are currently under way to determine the role of YHV68 genes
required for efficient in vivo replication as well as those in-
volved in establishment and/or reactivation from latency.
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