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The murine gammaherpesvirus-68 genome encodes 73 protein-coding open reading frames with

extensive similarities to human c2 herpesviruses, as well as unique genes and cellular homologues.

We performed transcriptome analysis of stage-specific viral RNA during permissive infection using

an oligonucleotide-based microarray. Using this approach, M4, K3, ORF38, ORF50, ORF57 and

ORF73 were designated as immediate-early genes based on cycloheximide treatment. The

microarray analysis also identified 10 transcripts with early expression kinetics, 32 transcripts with

early-late expression kinetics and 29 transcripts with late expression kinetics. The latter group

consisted mainly of structural proteins, and showed high expression levels relative to other viral

transcripts. Moreover, we detected all eight tRNA-like transcripts in the presence of cycloheximide

and phosphonoacetic acid. Lytic infection with MHV-68 also resulted in a significant reduction in

the expression of cellular transcripts included in the DNA chip. This global approach to viral

transcript analysis offers a powerful system for examining molecular transitions between lytic and

latent virus infections associated with disease pathogenesis.

INTRODUCTION

Murine gammaherpesvirus-68 (MHV-68) is closely related
to the human herpesviruses Epstein–Barr virus (EBV)
and Kaposi’s sarcoma-associated herpesvirus (KSHV)
(Efstathiou et al., 1990a; Virgin et al., 1997). MHV-68 is a
natural pathogen of small murid rodents, and infection via
the respiratory route results in an initial lytic infection of
lung epithelial cells followed by virus dissemination and
latent infection of B lymphocytes as well as macrophages.
The peak of virus latency in the spleen coincides with
splenomegaly followed by an infectious mononucleosis-like
syndrome, and lymphoproliferative disease (reviewed by
Nash et al., 2001).

The MHV-68 genome contains 118 311 bases of unique
sequence with variable numbers of internal repeats flanked
by multiple copies of terminal repeats. The genome encodes
eight tRNA-like sequences and 73 protein-coding open
reading frames (ORF) and is broadly contiguous with other
herpesviruses. Also present are genes unique to MHV-68
(M1–M4), as well as homologues of cellular genes such as

complement regulator protein, Bcl-2, cyclin-D and G-protein-
coupled receptor, believed to play a role in establishment
of infection and evasion of host immune responses (Bowden
et al., 1997; Virgin et al., 1997; Kapadia et al., 1999; van Dyk
et al., 1999; Wang et al., 1999; van Berkel et al., 1999; Roy et al.,
2000; Parry et al., 2000; Nash et al., 2001).

Herpesvirus replication follows a regulated pattern of viral
gene expression. Using either sensitivity to drug inhibitors
and/or measurements of viral gene expression, it is feasible
to classify these viral proteins into immediate-early (IE),
early (E) and late (L). IE genes encode predominantly trans-
cription factors, associated with transactivation, whereas
E genes include enzymes associated with DNA replication.
L genes are mainly associated with structural components of
viral particles.

DNA microarrays offer a powerful platform for parallel
analysis on a genome-wide scale. DNA microarrays for viral
pathogens can facilitate identification of transcription
patterns during replication, persistence and latency. The
parallel and comprehensive transcriptome analysis by DNA
microarrays will be useful in exploring transitions between
different stages of virus infection and disease pathogenesis.

Analysis of MHV-68 gene expression has been limited to a
small set of genes. In this paper we sought to: (a) design and
validate a DNA microarray specific for MHV-68, (b)
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develop new PCR assays for tRNA-like genes of MHV-68
and (c) provide an overview of the stage-specific kinetic class
of all viral genes during permissive infection in vitro.

We show the simultaneous expression of MHV-68 genes by
using classical drug inhibitors. Data obtained from the micro-
array platform and complemented with RT-PCR assays con-
stitute a comprehensive transcriptome analysis of MHV-68.

METHODS

Cell lines and virus infection. Murine epithelial cells (C127,
ATCC CRL 1616) were cultured in Dulbecco’s Modified Eagle’s
Medium supplemented with foetal calf serum (10 %, v/v), glutamine
(2 mmol l21), potassium benzylpenicillin (100 U ml21) and strepto-
mycin sulphate (100 mg ml21). Drug treatments were performed as
previously described (Stewart et al., 1994). Briefly, cells were infected
with MHV-68 (strain g2.4) at 5 p.f.u. per cell. To select for RNA
enriched for viral IE transcripts, cells were pre-treated for 2 h with
cycloheximide (CHX; 100 mg ml21), to act as an inhibitor of de novo
protein synthesis. Infection was carried out in fresh medium
containing CHX for up to 8 h. To select for viral E transcripts, cells
were pre-treated for 2 h with phosphonoacetic acid (PAA;
100 mg ml21), an inhibitor of DNA polymerase. This was then fol-
lowed by infection with MHV-68 in the presence of PAA for a
further 8 h. Viral RNA was also obtained from infected cells in the
absence of drug inhibitors. This approach differentiates between
E and L transcripts. Mock-infected cultures included cells subjected
to drug treatment regimens but without virus infection and cells
without either drug inhibitors or virus infection.

Synthesis, isolation and labelling of nucleic acids. Cloned
Bacillus subtilis genes obtained from the ATCC (pGIBS-TRP, acces-
sion #K01391; pGIBS-DAP, accession #L38424; pGIBS-PHE, acces-
sion #M24537; pGIBS-LYS, accession #X17013) were linearized and
mRNA transcribed in vitro using the MEGAscript kit (Ambion)
according to the manufacturer’s protocol.

Viral DNA was extracted from purified MHV-68 virions as described
previously (Efstathiou et al., 1990b). The purity and integrity of viral
DNA were checked by digestion with EcoRI, BamHI and HindIII
followed by gel electrophoresis (data not shown).

Purified viral DNA (1 mg) was digested with 5 mU DNase 1 (Life
Technologies) at 15 ˚C for 15 min, and heat-inactivated at 65 C̊ for
20 min. To generate labelled DNA fragments, digested DNA was
incubated with 10 U E. coli DNA polymerase 1 (Life Technologies),
dATP, dGTP, dTTP (4 mM each) and 20 nM FluoroLink Cy3-dCTP
(Amersham Pharmacia). Labelled DNA was mixed with 20 mg COT-1
human DNA (Life Technologies) and excess label was removed by
YM-30 microfiltration (Amicon). This step was also used to reduce the
final reaction volume of labelled DNA to 12 ml.

Total RNA was harvested from cells using RNeasy columns (Qiagen)
according to the manufacturer’s recommendations. Briefly, adherent
cells were trypsinized and the cell pellet was resuspended in RLT
lysis buffer (Qiagen). Contaminating DNA was digested with 10 U
AmpGrade DNase 1 (Life Technologies) for 15 min at room
temperature. RNA was recovered and purified using RNeasy columns
and the quality of RNA was checked by spectrophotometry and gel
electrophoresis. Purified RNA (25 mg in 11 ml) was mixed with 4 ml
(2 mg) of poly(dT)21, heated to 70 ˚C for 10 min and snap-cooled on
ice for 5 min. Direct labelling was carried out in a 30 ml reaction
volume containing 400 U Superscript II reverse transcriptase (Life
Technologies), 6 ml of 56 first-strand buffer, 3 ml of DTT (10 mM),
0?6 ml of dNTP mix (dATP, dGTP and dTTP at 0?5 mM; dCTP at

0?3 mM) and 3 ml of Cy3-dCTP (0?1 mM) at 42 ˚C for 2 h. This was
followed by addition of 15 ml 0?1 M NaOH at 70 C̊ for 10 min, and
then neutralized by addition of 15 ml 0?1N HCl. From this stage
onwards, labelled cDNA was treated in an identical manner to labelled
viral genomic DNA.

Probe design and array fabrication. Probes were designed using
the Oligo6 primer design software (Molecular Biology Insights:
www.oligo.net/contact.htm). ORF- and strand-specific viral probe
sequences were based on the g2.4 strain of MHV-68 (accession
#AF105037) (Table 1). Design parameters for probe selection
included: lack of homo-oligomers or sequence repeats, 40–60 %
GC-rich and a melting temperature range of 85–95 C̊. Control ele-
ments on the array included 54 murine cellular genes, five negative
control genes (plant and bacterial), four B. subtilis genes for spike
RNA and printing buffer without nucleic acids (Table 2). Probes
were synthesized by MWG-biotech, resuspended at 0?4 mg ml21 in
printing buffer (36 SSC) and printed in triplicate using an
Affymetrix 417 arrayer onto poly-L-lysine-coated glass slides (Eisen
& Brown, 1999). Arrays were stored in desiccators at room tempera-
ture prior to use.

Array hybridization. Prior to hybridization, arrays were post-
processed in succinic anhydride/N-methyl-2-pyrrolidinone solution
(Eisen & Brown, 1999), and then incubated in pre-hybridization
solution (1 %, w/v, BSA/56 SSC/0?1 % SDS) at 42 C̊ for 45 min,
rinsed in water and dehydrated in isopropanol.

Labelled target DNA was resuspended in 15 ml of hybridization
solution (3?56 SSC/0?3 % SDS), and incubated on the array at 65 ˚C
overnight. Following this, arrays were rinsed in 16 SSC/0?2 % SDS,
followed by 0?16 SSC/0?2 % SDS, and 0?16 SSC. All stringency
washes were done at room temperature.

Primer design and RT-PCR for tRNA-like sequences. MHV-
68 encodes eight tRNA-like sequences which lack poly(A) tracts and
are therefore unsuitable for oligo(dT)-directed reverse transcription.
We therefore designed PCR primers for tRNA1–tRNA8 to comple-
ment the array data (Table 3). The design parameters included:
40–60 % GC content; 39-end stability; and a melting temperature of
84–90 ˚C. RNA was isolated and treated with DNase 1 as for micro-
array experiments and was used in RT-PCR assays. PCR included
1 U per reaction of Taq DNA polymerase (Life Technologies),
100 nM dNTP and 100 pmol of each primer. Cycling parameters
were: hot-start at 95 ˚C for 5 min followed by addition of Taq DNA
polymerase; 94 ˚C for 60 s; appropriate annealing temperature for
60 s; 72 C̊ for 60 s; followed by 35 cycles with a final extension at
72 ˚C for 5 min. PCR products were resolved by agarose gel electro-
phoresis and DNA visualized by UV transillumination.

Data analysis. All probes on the array were printed in triplicate.
QUANTARRAY (Packard Biosciences) image analysis software was
used for initial data capture and filtration. This algorithm defines a
background correction value and a signal intensity value for each
spot. Therefore, the background was subtracted from the corre-
sponding spot intensity and the median value for each probe was
then calculated (n=3).

To define the linear dynamic range of the fluorescence dye and to
control for scanning parameters (laser settings and gain), arrays were

scanned at five combinations of increased laser/gain settings; therefore
generating five datasets. These datasets were then analysed against each
other by scatter plots. Scan settings that gave the optimum scatter
without signal saturation (assessed by least-squares fit analysis) were

chosen for subsequent analysis. Normalization (scaling) between arrays
was based on four B. subtilis genes transcribed in vitro. The in vitro-
transcribed spike mRNA was added to the test RNA prior to reverse
transcription. This approach normalizes for intensity differences
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between arrays because of scan settings and hybridization efficiencies

and is also independent of potential changes in cellular transcripts

because of virus infection. Signal intensities of viral and cellular genes

above the arithmetic mean plus 2 SD of signal intensities for negative

control genes were used for further analyses. Each data point was

obtained from three experiments (n=3).

Table 1. MHV-68 microarray probes

75-mer oligonucleotide probes were designed based on the g2.4 strain (accession #AF105037).

*51 bases due to sequence overlap between M10a–c.
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RESULTS

Design and validation of MHV-68-specific DNA
microarray

In order to obtain the transcription profile of the MHV-68
genome, we designed and validated an oligonucleotide-based
DNA microarray specific for this murine gammaherpesvirus.
We first tested the specificity of viral probes by hybridization
with MHV-68 genomic DNA. All viral probes tested positive
with purified viral genomic DNA, indicating specificity of

selected probes. We then tested the likelihood of false-positive
signals because of cellular sequences by hybridizing the array
with RNA isolated from mock-infected cells. Only probes for
the M6, M13 and M14 genes reacted positively with labelled
cDNA from mock-infected samples. These probes were elimi-
nated from the probe set. M13 and M14 sequences reside
within the terminal repeats and are highly G/C-rich. A number
of PCR primer sets for M13 and M14 genes gave false-positive
signals when tested on RNA isolated from mock-infected sam-
ples (data not shown). These ORFs were not analysed further.

Table 2. Microarray probes for murine housekeeping genes, spike RNA and negative controls

(A) Forty-eight 75-mer oligonucleotide probes were designed for cellular transcripts. The array also included probes for (B) four B. subtilis

genes for spike RNA and (C) negative controls.
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Immediate-early transcripts of MHV-68

Herpesviruses encode a number of IE (or a) genes
transcribed immediately after infection and independently
of de novo protein synthesis. In this study, viral transcripts
whose median fluorescence signals were increased at least
twofold in the presence of inhibitor (CHX) when compared
with CHX-treated but uninfected cultures were grouped
as IE transcripts. No viral transcripts were detected in the
presence of CHX at 2 and 4 h post-infection. In contrast, six
transcripts were detected 8 h post-infection in the presence

of CHX. These IE transcripts were M4, ORF12 (K3), ORF38,
ORF50, ORF57 and ORF73 (Fig. 1).

ORF12 (K3) shows sequence homology to KSHV and bovine
herpesvirus-4 IE genes. This gene contains an Rta-responsive
element, and the K3 protein interferes with MHC class I
presentation of peptide antigens (Stevenson et al., 2000).
ORF50 encodes the main transactivator with homologies
to KSHV ORF50 and EBV Rta (Liu et al., 2000). ORF73 is
a homologue of KSHV LANA (Virgin et al., 1997). LANA,
a latency-associated gene product, has also been described

Fig. 1. MHV-68 transcripts in the presence of cycloheximide. C127 cells were pre-treated with inhibitor CHX followed by
infection with MHV-68. Total RNA (25 mg) was isolated at 8 h post-infection and gene expression analysed by DNA
microarrays. Note that only a small number of viral transcripts were detected in the presence of CHX. The histogram shows
median signal intensity above background (mean+2 SD of five negative control genes). Data were normalized against spiked
RNA. Each data point is median signal intensity (n=3).

Table 3. PCR primer sets for MHV-68 tRNA and M6 genes

Gene Forward primer Reverse primer Ta ( C̊)* [Mg2+] (mM)3 Size (bp)

tRNA-1 TAGAGCAACAGGTCACCGATC TGGACCCACTTCCTCGACCAG 56 1?5 70

tRNA-2 GGTAGAGCAGCGGTTCCT ACTCCCCCTCTCAACCA 56 1?5 69

tRNA-3 TGGCAGGCCAACATA CGTGCTCCTCGATGGTCA 55 1?5 63

tRNA-4 GCGGCAGGCTCATC ATCTCAACTCTGCGTCGG 56 1?5 62

tRNA-5 CTCCACCTTTAACCAG TAGAGCATCAGGCTAGTA 51 1?5 63

tRNA-6 GCGTAGCTCAATTGT GGCCACTCAACAGAC 53 2?5 92

tRNA-7 GAGCGGCAGACACCA TAGCTGGCCAGGACT 58 1?5 68

tRNA-8 CCCATCCTGTTGGTT CGCGGGTAGCTAGTC 51 1?5 54

M6 GGACCCTCCATTCTATAAAC GACCCAGACAAGCTCGTGAA 56 1?5 166

GAPDH4 CCATGGAGAAGGCTGGGG CAAAGTTGTCATGGATGACC 55 1?5 195

*Optimum annealing temperature.

3MgCl2.

4Glyceraldehyde-3-phosphate dehydrogenase (accession #M32599).
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Fig. 2. Early and late transcripts of MHV-68. (A) After overnight infection with MHV-68 (5 p.f.u. per cell), total RNA was isolated and analysed by DNA microarrays. To
identify E transcripts, the expression profile of the MHV-68 genome in the absence of PAA was compared with that of PAA-treated cells. PAA-pre-treated cells were
infected with MHV-68 and total RNA was isolated at 8 h post-infection. Total RNA was then spiked with control RNA and analysed by DNA microarrays. Each data point is
the median signal intensity (n=3). (B) The histogram shows -fold changes in the expression of viral transcripts between MHV-68-infected cultures without PAA and with
PAA. The rectangle delineates the twofold change in gene expression because of PAA treatment.
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as an IE gene detected in a KSHV-infected BC-1 line (Sun
et al., 1999). ORF57 shows sequence homology to the
KSHV ORF57 IE gene and to EBV Mta. In KSHV-infected
BC-3 cells, treatment with chemical inducers caused rapid
expression of ORF57 transcript, indicative of early expres-
sion kinetics (Jenner et al., 2001). The M4 ORF is one of
the unique genes of MHV-68. This transcript was also detected
in the presence of CHX by Northern analysis (data not
shown).

Early, early-late and late transcripts of MHV-68

We used PAA to generate stage-specific RNA to identify the
kinetic class of E and L genes. Most E gene products are
involved in viral nucleic acid metabolism. Classically,
E genes show increased expression in the presence of PAA
(compared to virus-infected cells without PAA) and are
sensitive to CHX treatment. These E transcripts included
ORF24, ORF29a (packaging), ORF36 (kinase), ORF54

Table 4. MHV-68 transcription kinetics determined by DNA microarray and comparison with other methods

Gene Microarray Others3 Gene Microarray Others3

tRNA1–8 IE* ORF43 (capsid) E-L

M1 E-L ORF44 (helicase) E-L

M2 E-L L(3) ORF45 L

M3 E-L E-L (3) ORF46 (DNA Gly) L L (1)

M4 IE ORF47 (gL) E-L

ORF4 E-L L (5) ORF48 L

ORF6 L E (1); EL (5) ORF49 E-L

ORF7 E-L ORF50 (Rta) IE IE (2, 3)

ORF8 (gB) L L (1, 3, 4) Gp150 (M7) L L (9)

ORF9 (DNA Pol) E-L E (3) ORF52 L

ORF10 E-L ORF53 L

ORF11 L ORF54 (dUTPase) E

ORF12 (K3) IE IE (3) ORF55 E-L

M5 E-L ORF56 (DNA repair) E-L

M6 IE* M8 E-L IE (3)

ORF17 (capsid) L ORF57 IE

ORF18 L ORF58 L

ORF19 (tegument) L ORF59 (DNA repair) L

ORF20 E-L ORF60 (ribonucleotide reductase) E-L

ORF21 (TK) E-L ORF61 (ribonucleotide reductase) L

ORF22 (gH) L ORF62 (Assembly/maturation) L

ORF23 L ORF63 (tegument) E

ORF24 E ORF64 (tegument) E

ORF25 (major capsid) E-L ORF65 (M9) L L (3)

ORF26 (capsid) L ORF66 (capsid) L

ORF27 L ORF67 (tegument) L

ORF29b (packaging) L ORF68 E

ORF30 E-L ORF69 L

ORF31 E-L M10abc E

ORF32 (tegument) E-L M10a E-L

ORF33 L M10c E-L

ORF29a (packaging) E ORF72 (Cyclin-D) E-L E-L (6, 8)

ORF34 E-L M11 (bcl-2) E-L E-L (3, 8)

ORF35 (tegument) E-L ORF73 IE IE (3, 8)

ORF36 (kinase) E ORF74 (GPCR) E-L E-L (3, 7)

ORF37 (alkaline exonuclease) E-L ORF75c L

ORF38 (tegument) IE ORF75b E

ORF39 (gM) L ORF75a E-L

ORF40 (helicase/primase) E-L M12 E

ORF42 L

*By RT-PCR analysis.

3(1) Mackett et al. (1997); (2) Liu et al. (2000); (3) Rochford et al. (2001); (4) Stewart et al. (1994); (5) Kapadia et al. (1999); (6) van Dyk et al.

(1999); (7) Wakeling et al. (2001); (8) Roy et al. (2000); (9) Stewart et al. (1996).
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(dUTPase), ORF63 (tegument), ORF64 (tegument),
ORF68, ORF75b and M12 (Fig. 2).

The median expression of a number of viral genes remained
within a twofold range after PAA treatment when compared
to MHV-68-infected cells without PAA (Fig. 2). These genes
show E-L expression kinetics (also referred to as delayed
early, bc or leaky c). The MHV-68 genes showing early-late
(E-L) kinetics included the abundantly expressed M3
transcripts that encode the chemokine-binding protein
and M9. The MHV-68 genome encodes a number of cellular
homologues. These include ORF72 (vCyclin-D), M11 (vBcl-
2) and ORF74 (vGPCR), clustered within the virus genome.
This locus has been associated with viral latency and cellular
transformation (Husain et al., 1999; Virgin et al., 1999;
Rochford et al., 2001). M11 and ORF74 showed similar E-L
expression kinetics. This is in accord with the low expression
levels of these genes as determined by Northern analyses
(Roy et al., 2000; Virgin et al., 1999). The M1 (ORF1) gene of
MHV-68 shows limited sequence homology to poxvirus
serpins (data summarized in Table 4).

Broadly, L genes are expressed after the onset of viral DNA
replication. L genes encode mainly, but not exclusively,
structural proteins. The genes with L transcription kinetics
included ORF8 (gB), ORF17 (capsid), ORF19 (tegument),
ORF22 (gH), ORF26 (capsid), ORF29b (packaging), ORF39
(gM), ORF46 (DNA Gly) and gp150 (M7). Moreover, most
L genes showed high levels of expression and included
the most highly expressed genes: ORF19, ORF27, ORF52,
ORF53, ORF58, ORF65 (M9), ORF66 and ORF75c (Fig. 2).

Based on sequence comparisons with other herpesviruses,
ORF75a, ORF75b and ORF75c may encode tegument
proteins (Virgin et al., 1997). Interestingly, the array analysis
shows a hierarchy of expression for these genes, with
abundant expression of ORF75c transcript compared to
ORF75a and ORF75b (Fig. 2).

Development of PCR primers and kinetics of
viral tRNA genes

The MHV-68 genome encodes eight tRNA-like sequences
which lack poly(A) tracts and are therefore unsuitable
for analysis by our microarray approach. Therefore, we
designed and validated primers specific for these viral
sequences and identified the expression kinetics of these
unique MHV-68 genes in C127 cells in the presence and
absence of inhibitors. All eight tRNA-like transcripts were
detected in RNA representing the three kinetic stages of
MHV-68 transcription (Fig. 3).

Expression of cellular genes during MHV-68
infection

We included 48 probes for cellular transcripts in our
microarray to analyse the impact of MHV-68 lytic infection
on cellular RNA expression. It is known that infection with
herpesviruses, for example herpes simplex virus (HSV-1),

results in accelerated degradation of cellular transcripts
(Stingley et al., 2000). Similarly, MHV-68 lytic infection
significantly reduced the expression of cellular transcripts
(Fig. 4). This observation suggests that interference with
cellular transcription machinery may be a feature during the
lytic phase of herpesvirus infections.

DISCUSSION

We have designed and validated a microarray for MHV-68
using ORF- and strand-specific 75-base-long oligonucleo-
tides. This is the first oligonucleotide-based microarray for
this gammaherpesvirus. The use of longer probes presents
useful advantages including ease of design, consistency of
probe synthesis and polarity. The latter is of particular
importance because bi-directional transcription is a feature
of herpesvirus replication. By combining the DNA micro-
array with RT-PCR assays, we have mapped the transcrip-
tion profile of the MHV-68 genome in C127 cells infected at
a high m.o.i. and in the presence of inhibitors of protein
synthesis and DNA polymerase (Table 4).

Fig. 3. RT-PCR analysis of viral tRNA-like genes and M6. Total
RNA isolated from infected cultures with drug treatment (CHX
and PAA) or without drug treatment was reverse-transcribed
into cDNA for PCR analysis. Negative controls were: water;
RNA from infected cells without reverse transcriptase; and RNA
from mock-infected cells. After amplification (35 cycles), 10 %
(v/v) aliquots from PCR reactions were resolved by gel electro-
phoresis. Note that all tRNA-like transcripts and the transcript
for M6 could be detected in the presence of drug inhibitors.
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Drug inhibitors were used to map the expression kinetics of
MHV-68 genes during the lytic cycle of infection in vitro.
Viral transcripts were not detected at 2 and 4 h post-
infection with MHV-68 in the presence of CHX by DNA
microarrays. However, six transcripts were detected in the
presence of CHX at 8 h post-infection. These included
previously identified IE genes K3, ORF50 and ORF73 (Liu
et al., 2000; Rochford et al., 2001; Virgin et al., 1999), as well
as M4, ORF38 and ORF 57. ORF50 is homologous to Rta
genes of other gammaherpesviruses and encodes the major
transactivator of MHV-68 lytic cycle antigens as well as
playing a role in reactivation from latency (Wu et al., 2000,
2001). The M4 ORF of MHV-68 contains a heparan
sulphate-binding domain, which may have a role in initial
virion interaction with the cell membrane via proteoglycan
heparan sulphate. In BC-3 cells, the KSHV K8.1A gene,
which also contains a heparan sulphate-binding domain,
showed an early expression profile after induction (Jenner
et al., 2001). However, expression of this gene in the
presence of CHX may indicate other roles for this protein
during the infection cycle.

A subset of MHV-68 genes showed L expression kinetics and
includes previously identified L genes ORF8 (gB), gp150,
ORF65 (M9) and ORF46 (DNA Gly). In total, 28 transcripts
showed L kinetics. These data are summarized in Table 4.

A recent sequence re-evaluation of the MHV-68 genome
suggested a number of viral genes unlikely to encode
proteins (Nash et al., 2001). These include M5, M6, M8,
M10a–c, M12, M13 and M14. We were able to detect
transcripts for M5, M6, M8, M10a–c and M12 by a com-
bination of microarray and PCR assays. However, it is not
clear whether these transcripts encode proteins.

Our analysis by an oligonucleotide-based microarray com-
pares favourably with a recently published PCR-based
microarray (Ahn et al., 2002). For example, 22 transcripts
which showed L expression kinetics were also grouped as c

transcripts by the PCR microarray. Similarly, 15 transcripts
with b expression kinetics as determined by the PCR
microarray also showed E or E-L expression kinetics by the
oligonucleotide microarray. Moreover, the simultaneous
analysis of the MHV-68 transcriptome by both microarray
studies supports previous observations of highly expressed
genes such as M3 and M9 and genes expressed at a low level,
for example M11 and ORF74 (Virgin et al., 1999; Parry et al.,
2000; Rochford et al., 2001; Bridgeman et al., 2001; Roy
et al., 2000; Ahn et al., 2002).

Overall, the array data parallel previously published data
obtained by other methodologies in terms of specificity and
sensitivity of the assay (Table 4). There are, however, some
discrepancies. These are very likely a consequence of

Fig. 4. Effect of MHV-68 lytic infection on cellular transcripts. MHV-68 infection reduced overall levels of cellular transcripts.
The scanned array images show the expression of cellular transcripts in (A) mock-infected and (B) MHV-68 infected cells. The
insets show relative stability of spiked RNA in both control and infected cultures. (C) This panel shows -fold changes in
cellular mRNA levels between uninfected and MHV-68-infected cultures.
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different experimental parameters – for example, use of
double-stranded PCR probes, as well as the cell types and the
criteria used in the classification of virus transcripts, i.e.
whether based on temporal expression rather than sensi-
tivity to drug inhibitors only or a combination of both.

MHV-68 encodes eight tRNA-like sequences for which we
developed gene-specific PCR primers. Using these assays, we
were able to detect all eight tRNA-like transcripts during the
three stages (IE, E, L) of MHV-68 infection in C127 cells.

Small RNA sequences that have been identified in HSV-1,
EBV and adenoviruses may have a role in virus evasion
of host responses and/or pathogenesis (Albrecht &
Fleckenstein, 1992; Howe & Shu, 1989; Mathews, 1995).
In EBV, two Epstein–Barr early RNAs (EBERs), which reside
adjacent to the OriP origin of replication, are expressed
during the latent but not lytic phase of infection (Albrecht &
Fleckenstein, 1992). This expression pattern is in contrast to
tRNA1–4 transcripts, detected during lytic as well as latent
phases of MHV-68 infection (Simas et al., 1998).

Alphaherpesviruses encode homologues of host shut-off
proteins associated with degradation of cellular RNA. In
HSV-1, UL41, which encodes the host shut-off protein, was
implicated in the decline of cellular transcripts (Schek &
Bachenheimer, 1985). More recently, DNA microarray
analysis showed a global reduction in cellular transcripts
following HSV-1 infection (Stingley et al., 2000). UL41 is an
endonuclease and interacts with translation initiation factor
eIF4H. No homologue of UL41 exists in the MHV-68
genome. This would suggest that either MHV-68 encodes a
cryptic host shut-off gene product or that the loss of cellular
transcripts is independent of viral gene products.

The present study is a global analysis of the MHV-68
genome using DNA microarrays and adds to the growing
kinetic analysis of herpesvirus transcriptomes (Chambers
et al., 1999; Stingley et al., 2000; Jenner et al., 2001; Paulose-
Murphy et al., 2001, Sarid et al., 1998; Ahn et al., 2002).
Although not a substitute for other established methodo-
logies, DNA microarrays provide a useful first-step platform
for simultaneous and parallel analysis of large numbers of
genes. This approach will help identify global transcription
patterns (viral and cellular) associated with virus latency,
reactivation and disease pathogenesis.

ACKNOWLEDGEMENTS

We gratefully acknowledge the help of Alan Ross and Klemens
Vierlinger for printing the arrays and Thorsten Forster for help with
data analysis. B. E. is a recipient of a University of Edinburgh Medical
Fellowship. The work was supported by a grant from the Biotechnology
and Biological Sciences Research Council of the UK.

REFERENCES

Ahn, W. A., Powell, K. L., Kellam, P. & Alber, D. G. (2002).
Gammaherpesvirus lytic gene expression as characterized by DNA
array. J Virol 76, 6244–6256.

Albrecht, J. C. & Fleckenstein, B. (1992). Nucleotide sequence of
HSUR 6 and HSUR 7, two small RNAs of herpesvirus saimiri.
Nucleic Acids Res 20, 1810.

Bowden, R. J., Simas, J. P., Davis, A. J. & Efstathiou, S. (1997).
Murine gammaherpesvirus 68 encodes tRNA-like sequences which
are expressed during latency. J Gen Virol 78, 1675–1687.

Bridgeman, A., Stevenson, P. G., Simas, J. P. & Efstathiou, S.
(2001). A secreted chemokine binding protein encoded by murine
gammaherpesvirus-68 is necessary for the establishment of a normal
latent load. J Exp Med 194, 301–312.

Chambers, J., Angulo, A., Amaratunga, D. & 9 other authors (1999).
DNA microarrays of the complex human cytomegalovirus genome:
profiling kinetic class with drug sensitivity of viral gene expression.
J Virol 73, 5757–5766.

Efstathiou, S., Ho, Y. M., Hall, S., Styles, C. J., Scott, S. D. &
Gompels, U. A. (1990a). Murine herpesvirus 68 is genetically related
to the gammaherpesviruses Epstein–Barr virus and herpesvirus
saimiri. J Gen Virol 71, 1365–1372.

Efstathiou, S., Ho, Y. M. & Minson, A. C. (1990b). Cloning and
molecular characterization of the murine herpesvirus 68 genome.
J Gen Virol 71, 1355–1364.

Eisen, M. B. & Brown, P. O. (1999). DNA arrays for analysis of gene
expression. Methods Enzymol 303, 179–205.

Howe, J. G. & Shu, M. D. (1989). Epstein–Barr virus small RNA
(EBER) genes: unique transcription units that combine RNA
polymerase II and III promoter elements. Cell 57, 825–834.

Husain, S. M., Usherwood, E. J., Dyson, H., Coleclough, C.,
Coppola, M. A., Woodland, D. L., Blackman, M. A., Stewart, J. P.
& Sample, J. T. (1999). Murine gammaherpesvirus M2 gene is
latency-associated and its protein a target for CD8+ T lymphocytes.
Proc Natl Acad Sci U S A 96, 7508–7513.

Jenner, R. G., Alba, M. M., Boshoff, C. & Kellam, P. (2001). Kaposi’s
sarcoma-associated herpesvirus latent and lytic gene expression as
revealed by DNA arrays. J Virol 75, 891–902.

Kapadia, S. B., Molina, H., van Berkel, V., Speck, S. H. & Virgin, H. W.,
IV. (1999). Murine gammaherpesvirus 68 encodes a functional
regulator of complement activation. J Virol 73, 7658–7670.

Liu, S., Pavlova, I. V., Virgin, H. W., IV. & Speck, S. H. (2000).
Characterization of gammaherpesvirus 68 gene 50 transcription.
J Virol 74, 2029–2037.

Mackett, M., Stewart, J. P., Pepper, S. de V., Chee, M., Efstathiou, S.,
Nash, A. A. & Arrand, J. R. (1997). Genetic content and preliminary
transcriptional analysis of a representative region of murine
gammaherpesvirus 68. J Gen Virol 78, 1425–1433.

Mathews, M. B. (1995). Structure, function, and evolution of
adenovirus virus-associated RNAs. Curr Top Microbiol Immunol 199,
173–187.

Nash, A. A., Dutia, B. M., Stewart, J. P. & Davison, A. J. (2001).
Natural history of murine gamma-herpesvirus infection. Philos Trans
R Soc Lond B Biol Sci 356, 569–579.

Parry, C. M., Simas, J. P., Smith, V. P., Stewart, C. A., Minson, A. C.,
Efstathiou, S. & Alcami, A. (2000). A broad spectrum secreted
chemokine-binding protein encoded by a herpesvirus. J Exp Med
191, 573–578.

Paulose-Murphy, M., Ha, N. K., Xiang, C., Chen, Y., Gillim, L.,
Yarchoan, R., Meltzer, P., Bittner, M., Trent, J. & Zeichner, S. (2001).
Transcription program of human herpesvirus 8 (Kaposi’s sarcoma-
associated herpesvirus). J Virol 75, 4843–4853.

Rochford, R., Lutzke, M. L., Alfinito, R. S., Clavo, A. & Cardin, R. D.
(2001). Kinetics of murine gammaherpesvirus 68 gene expression
following infection of murine cells in culture and in mice. J Virol 75,
4955–4963.

108 Journal of General Virology 84

B. Ebrahimi and others



Roy, D. J., Ebrahimi, B., Dutia, B. M., Nash, A. A. & Stewart, J. P.
(2000). Murine gammaherpesvirus M11 gene product inhibits
apoptosis and is expressed during virus persistence. Arch Virol
145, 2411–2420.

Sarid, R., Flore, O., Bohenzky, R. A., Chang, Y. & Moore, P. S.
(1998). Transcription mapping of the Kaposi’s sarcoma-associated

herpesvirus (human herpesvirus 8) genome in a body cavity-based
lymphoma cell line (BC-1). J Virol 72, 1005–1012.

Schek, N. & Bachenheimer, S. L. (1985). Degradation of cellular

mRNA induced by a virion-associated factor during herpes simplex
virus infection of Vero cells. J Virol 55, 601–610.

Simas, J. P., Bowden, R. J., Paige, V. & Efstathiou, S. (1998). Four
tRNA-like sequences and a serpin homologue encoded by murine
gammaherpesvirus 68 are dispensable for lytic replication in vitro

and latency in vivo. J Gen Virol 79, 149–153.

Stevenson, P. G., Efstathiou, S., Doherty, P. C. & Lehner, P. J.
(2000). Inhibition of MHC class I-restricted antigen presentation

by gamma 2-herpesviruses. Proc Natl Acad Sci U S A 97, 8455–
8460.

Stewart, J. P., Janjua, N. J., Sunil-Chandra, N. P., Nash, A. A. &
Arrand, J. R. (1994). Characterization of murine gammaherpesvirus
68 glycoprotein B (gB) homolog: similarity to Epstein–Barr virus gB
(gp110). J Virol 68, 6496–6504.

Stewart, J. P., Janjua, N. J., Pepper, S. de V., Bennion, G., Mackett, M.,
Allen, T., Nash, A. A. & Arrand, J. R. (1996). Identification and

characterization of murine gammaherpesvirus 68 gp 150: a virion
membrane glycoprotein. J Virol 70, 3528–3535.

Stingley, S. W., Ramirez, J. J., Aguilar, S. A., Simmen, K., Sandri-
Goldin, R. M., Ghazal, P. & Wagner, E. K. (2000). Global analysis of
herpes simplex virus type 1 transcription using an oligonucleotide-

based DNA microarray. J Virol 74, 9916–9927.

Sun, R., Lin, S. F., Staskus, K., Gradoville, L., Grogan, E., Haase, A.
& Miller, G. (1999). Kinetics of Kaposi’s sarcoma-associated
herpesvirus gene expression. J Virol 73, 2232–2242.

van Berkel, V., Preiter, K., Virgin, H. W., IV. & Speck, S. H. (1999).
Identification and initial characterization of the murine gamma-
herpesvirus 68 gene M3, encoding an abundantly secreted protein.
J. Virol 73, 4524–4529.

van Dyk, L. F., Hess, J. L., Katz, J. D., Jacoby, M., Speck, S. H. &
Virgin, H. W., IV. (1999). The murine gammaherpesvirus 68 v-cyclin
gene is an oncogene that promotes cell cycle progression in primary
lymphocytes. J Virol 73, 5110–5122.

Virgin, H. W., IV, Latreille, P., Wamsley, P., Hallsworth, K., Weck, K.
E., Dal Canto, A. J. & Speck, S. H. (1997). Complete sequence
and genomic analysis of murine gammaherpesvirus 68. J Virol 71,
5894–5904.

Virgin, H. W., IV, Presti, R. M., Li, X. Y., Liu, C. & Speck, S. H. (1999).
Three distinct regions of the murine gammaherpesvirus 68 genome
are transcriptionally active in latently infected mice. J Virol 73, 2321–
2332.

Wakeling, M. N., Roy, D. J., Nash, A. A. & Stewart, J. P. (2001).
Characterization of the murine gammaherpesvirus 68 ORF74
product: a novel oncogenic G protein-coupled receptor. J Gen
Virol 82, 1187–1197.

Wang, G.-H., Garvey, T. L. & Cohen, J. I. (1999). The murine
gammaherpesvirus-68 M11 protein inhibits Fas- and TNF-induced
apoptosis. J Gen Virol 80, 2737–2740.

Wu, T. T., Usherwood, E. J., Stewart, J. P., Nash, A. A. & Sun, R.
(2000). Rta of murine gammaherpesvirus 68 reactivates the complete
lytic cycle from latency. J Virol 74, 3659–3667.

Wu, T. T., Tong, L., Rickabaugh, T., Speck, S. & Sun, R. (2001).
Function of Rta is essential for lytic replication of murine
gammaherpesvirus 68. J Virol 75, 9262–9273.

http://vir.sgmjournals.org 109

Lytic cycle transcription of MHV-68 genes


