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We report the characterization of Marek's disease virus (MDV) strains having mutations in various genes

that map to the unique short (US) region of the viral genome. A deletion mutant (GAA4.8lac) lacks 4.8 kbp of
US region DNA, the deleted segment having been replaced by the lacZ gene of Escherichia coli. This deletion
results in the loss of the MDV-encoded US1, US10, and US2 homologs of herpes simplex virus type 1, as well
as three putative MDV-specific genes, Sorfl, SorfZ, and Sor13. Two mutants containing lacZ insertions in the
US1 and US10 genes have been constructed, and we have previously reported a US21ac insertion mutant (J. L.
Cantello, A. S. Anderson, A. Francesconi, and R. W. Morgan, J. Virol. 65:1584-1588, 1991). The isolation of
these mutants indicates that the relevant genes are not required for growth of MDV in chicken embryo
fibroblasts. The mutants had early growth kinetics indistinguishable from those of their parent viruses;
however, 5 to 7 days after being plated, the US1 insertion mutant (USllac) and the GAA4.8lac deletion mutant
showed a 5- to 10-fold decrease in virus growth. This decrease in virus accumulation correlated with a 30 to 50%Yo
decrease in plaquing efficiency when these viruses were plated onto established versus fresh chicken embryo
fibroblast monolayers compared with a 10 to 15% decrease seen for the parent viruses and for the US101ac or

US21ac insertion mutants. Finally, GAA4.8lac could be reisolated from chickens, indicating that the deleted
genes are not required for the infection of chickens following intra-abdominal inoculation of an attenuated
serotype 1 MDV.

Marek's disease virus (MDV) is an avian herpesvirus that
rapidly induces T-cell lymphomas following infection of sus-

ceptible chickens (8). Although MDV has been classed as a

gammaherpesvirus on the basis of its biological properties, its
genome organization and sequence as presently known indi-
cate that it should be grouped among the alphaherpesvirus
(5-7). Many MDV genes have been identified and mapped on
the basis of homology of the gene products to known alpha-
herpesvirus proteins. Genes that map to the unique short (US)
region of the genome include the US1 (5, 6), US2 (5, 6, 9, 33,
35), US3 (5, 6, 33, 35), US6 (glycoprotein D [gD]) (5, 6, 33, 35),
US7 (glycoprotein I [gI]) (5, 6, 33), and US8 (glycoprotein E
[gE]) (5, 6) genes and several open reading frames unique to
MDV called short-component open reading frames (Sorfs) 1,
2, 3, and 4 (5, 6). Although these genes have been identified,
mapped, and sequenced, a protein gene product has been
identified in only a few cases, and in no case is gene function
understood.
The genetics of alphaherpesvirus US regions is best charac-

terized for herpes simplex virus type 1 (HSV-1). Of 13 HSV-1
genes that map to the US region, 12 have been reported to be
nonessential for virus propagation in cell culture (17, 23). The
term nonessential usually refers to a particular cell culture
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system and does not necessarily mean that a gene product is
nonessential in all cell types, in experimental animals, or in the
natural host. Even though gene products are nonessential in
some cell culture systems, they may have critical functions
under other circumstances since many are reasonably highly
conserved among alphaherpesviruses. MDV offers an attrac-
tive system with which to examine the functions of nonessential
gene products in the natural host.
The MDV US1 gene encodes a homolog of the HSV-1 US1

product (also known as ICP22, a22, or IE68).(5). ICP22
homologs are encoded by bovine herpesvirus 1 (38), equine
herpesvirus 1 (EHV-1) (18, 41), equine herpesvirus 4 (EHV-4)
(10), HSV-2 (45), herpesvirus of turkeys (HVT) (46), pseudo-
rabies virus (PrV) (47), and varicella-zoster virus (VZV) (11,
12). Except for HSV-1, HSV-2, HVT, and MDV, all identified
US1 homolog genes map within the inverted repeats flanking
the US region and, therefore, many herpesviruses are diploid
for the gene (10-12, 18, 47). The MDV US1 gene product has
a predicted molecular mass of approximately 20 kDa. On
polyacrylamide gels, the MDV US1 protein migrates as species
of 24 and 27 kDa because of posttranslational modifications (5,
6). HSV-1 ICP22 is a 68-kDa nuclear phosphoprotein (14, 15),
and phosphorylation appears critical for HSV-1 ICP22 activity
(32). In addition, the HSV-1 protein is modified by adenylyla-
tion and/or guanylylation in isolated nuclei of infected cells (3).
The kinetic class of US1 homologs varies among herpesvi-

ruses. The HSV (14, 45) and bovine herpesvirus 1 (38) US1
genes are classified as immediate-early. Similarly, the VZV
ICP22 homolog (IE63) is a putative immediate-early protein
(20). In contrast, the US1 homologs of EHV-1 (18), PrV (47),
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and MDV (5, 6) are expressed later in infection. The EHV-1
US1 homolog (ORF4) is transcribed into two differentially
expressed transcripts predicted to encode proteins 293 and 469
amino acids in length that share carboxy termini homologous
to the carboxy terminus of HSV-1 ICP22 (18). One of the
transcripts (1.4 kb) is predominant early in infection, and the
other (1.7 kb) appears late in infection. The kinetic class of
PrV US1 has not been characterized other than as not being an

immediate-early RNA (47). Finally, the MDV US1 protein
appears to be expressed late in infection and localized to the
cytoplasm of infected duck embryo fibroblasts (5, 6).
The function of US1 is not understood, but studies on

mutant viruses indicate that the degree of essentiality of US1
for HSV-1 varies among cell culture systems (see Discussion).
In mice, HSV-1 US1 mutants show a decrease in lethality
following intracerebral inoculation (39). Such mutants can
establish latency in mice inoculated via the eye but do so less
efficiently than parental HSV-1.
The MDV US2 homolog was originally sequenced by Can-

tello et al. and was predicted to encode a protein with a
molecular mass of 32,400 Da (9). Homologs of the US2 gene of
HSV-1 have been identified in HSV-2 (25), VZV (11, 12), PrV
(43), and EHV-1 (41). The US2 protein of HSV-1 contains a

hydrophobic N-terminal region and may be membrane associ-
ated (24). Mutant viruses lacking US2 have been isolated for
HSV-1 (22, 44), PrV (13), and MDV (9), indicating that the
genes are nonessential for growth in cell culture in these
systems.
The US10 gene of HSV-1 encodes a 33-kDa protein (24).

Homologs to the US10 protein are encoded by HSV-2 (4),
VZV (12), EHV-1 (41), EHV-4 (10), and MDV (5, 6, 35).
US10 homologs contain a potential zinc finger domain, which
suggests a role in DNA binding (19). Mutants that lack US10
and can replicate in cell culture have been reported for HSV-1
(21, 42) and HSV-2 (4).

Sorfl and Sorf2 are unique to MDV (5, 6), and at present, it
is not known whether they are expressed. Sorf2 shows homol-
ogy to an uncharacterized fowlpox open reading frame, ORF4
(5, 6). A homolog to Sorf3 has recently been identified in HVT
(40, 46).

This report describes the construction of MDV insertion
mutants containing lacZ insertions in either the US1 or the
US10 gene and a mutant containing a lacZ insertion in a

4.8-kbp deletion within the US region. This deletion removes
six genes, including MDV US1, US10, and US2 genes. The
characterizations of these mutants as well as that of a previ-
ously reported US21ac insertion mutant (9) are presented.

MATERIALS AND METHODS

Cells and viruses. MDV was propagated in secondary
chicken embryo fibroblasts (CEF) with growth medium con-
sisting of M199 medium (Life Technologies, Inc. [LT], Grand
Island, N.Y.), 100 IU of penicillin G per ml, and 100 ,ug of
dihydrostreptomycin per ml (27). Mutants were constructed by
use of passage level 75 (GAatt75) and 85 (GAatt85) of the GA
strain of MDV.

Plasmid constructions. Plasmids pMD162 and pMD189
were used to make USllac and USlOlac insertion mutants,
respectively, and were constructed as follows (Fig. 1). The
2.8-kbp EcoRI subfragment of BamHI-A was ligated into the
EcoRI site of pMD160, a modified pUC18 vector in which the
Sall site was deleted from the multiple cloning region and the
lacZ o-peptide reading frame was maintained. The resulting
plasmid, pMD161, contained a unique Sall site located 231

nucleotides (approximately 40%) into the coding region of the
MDV US1 gene (5) (Fig. 1C). Plasmid pMD161 was digested
with Sall and blunt ended by use of the Klenow fragment of E.
coli DNA polymerase I (LT). A lacZ cassette (Fig. 1D),
derived from pCH110 (Pharmacia, Inc., Piscataway, N.J.) and
modified for insertion mutagenesis (40), was blunted and
ligated into pMD161. The resulting plasmid (pMD162) was
used to construct the USllac insertion mutant. For the con-
struction of the USlOlac insertion mutant, plasmid pMD189
was generated by digestion of pMD161 with NaeI, which
cleaves 90 bp (approximately 14%) into the US10 coding
sequence (5), and the blunt-ended lacZ cassette was inserted
into the NaeI site (Fig. 1C).

Plasmid pMD190 was constructed in order to generate the
MDV deletion mutant (GAA4.8lac) as follows (Fig. 1C). A
12.2-kbp HindIII-BamHI fragment of BamHI-A was cloned
into the HindIII-BamHI sites of pUC18 to generate pMD163.
Plasmid pMD163 was digested with PstI, and the 10.4-kbp
fragment containing vector sequences was purified by prepar-
ative agarose gel electrophoresis and self-ligated to generate
pMD164 (not shown). pMD164 was digested with PstI and
blunt ended by use of the Klenow enzyme (LT), and the
blunt-ended lacZ cassette was inserted into the former PstI
site to generate pMD190 (Fig. 1C). This deletion results in
(i) the removal of 96 bp (corresponding to 32 amino acids or
36%) from the 5' end of Sorfl including all of the upstream
region, (ii) the deletion of the entire coding sequences of
Sorf2, US1, US10, and Sorf3, and (iii) the removal of 651 bp
(217 amino acids or 80%) from the US2 coding region.
The lacZ-containing plasmids, pMD162, pMD189, and

pMD190, were purified by the Qiagen maxi-preparation pro-
cedure (Qiagen Corp., Chatsworth, Calif.). Disruptions of the
US1 and US10 open reading frames were confirmed by the
dideoxy sequencing method with Sequenase I (United States
Biochemical Corporation, Cleveland, Ohio) and primers ho-
mologous with the ends of the lacZ cassette.

USllac, USl101ac, and GAA4.81ac MDV strain constructions.
The USllac, USlOlac, and GAA4.81ac mutants were con-
structed via cotransfection of plasmid and MDV-infected cell
DNA as detailed previously for a US21ac mutant MDV (9).

Southern hybridizations. For Southern blot analysis, 10 ,ug
of DNA from MDV-infected CEF was digested with StuI in
the cases of USllac and USlOlac and with EcoRI for GAA
4.8lac (Fig. 2 and 3). DNA fragments were separated on 0.6%
agarose gels, transferred to nitrocellulose, and detected by
hybridization according to standard procedures (36). The
MDV-specific probes used for Southern analysis were subfrag-
ments of the BamHI-A fragment of a GA strain genomic
library constructed by Fukuchi et al. (16) (Fig. 2C and 3B). The
lacZ-specific probe was a 2.1-kbp BglI fragment contained
within the coding sequence of the lacZ cassette (Fig. 1D).
Probe DNA fragments were gel purified and labelled with
[ct-32P]dCTP by random primed DNA labelling (United States
Biochemical).

Northern (RNA) hybridization. Total RNA was purified by
the guanidinium isothiocyanate method for RNA purification
followed by cesium chloride step gradient centrifugation (2).
RNA preparations were treated with RNase-free RQ1 DNase
(Promega Biotech, Madison, Wis.) and quantitated by A260.
Unless otherwise indicated, 10 ,ug of total RNA from each
sample was used for Northern blot analysis. Molecular size
markers used were RNA ladders (Promega). Blots were pre-
pared and hybridized by standard procedures (2). The MDV-
specific DNA and RNA probes used for analysis are shown in
Fig. 4A. To produce strand-specific probes, the 0.8-kbp BglII-
SalI fragment of pMD163, the 0.5-kbp Stul fragment of
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FIG. 1. Plasmid constructions used for the generation of recombinant MDV strains. (A) Diagram of the structure of the MDV genome. (B)
Diagram of the US region of the MDV genome including a restriction map generated from BamHI-A and -PI fragment clones (19), a map of the
encoded open reading frames (5, 6), and the sizes (in kilobase pairs) of EcoRI fragments spanning the region of interest. (C) Linear maps of the
plasmids generated for the construction of recombinant MDV strains. Hatched bars represent subfragments of the BamHI-A clone of the MDV
genome (19). Solid bars indicate plasmid sequences. Triangles containing cross-hatched bars and solid arrows indicate the sizes and orientations
of lacZ cassette insertions. (D) Diagram of the lacZ cassette used for mutagenesis. The 2.1-kbp BglI fragment depicted below the cassette was used
to probe for the lacZ gene and its expression. Shaded bars flanking the solid arrow denote simian virus 40 DNA sequence. Abbreviations: UL,
unique-long region; TRL, terminal repeat flanking the UL; IRL, internal repeat flanking the UL; US, unique-short region; IRS, internal repeat
flanking the Us; TRs, terminal repeat flanking the Us; B, BamHI; Bl, BglI; E, EcoRI; H, HindIII; K, KpnI; Na, NaeI; P, PstI; S, Sall; St, StuI.

pMD160, and the 1.1-kbp EcoRI-BglII fragment of pMD100
(9) were subcloned into pGEM vectors (Promega) to yield
pMD165 (pGEM4Z), pMD166 (pGEM3Z), and pMD167
(pGEM3Z), respectively (Fig. 4A). Riboprobes were gener-
ated by use of either T7 or SP6 polymerase as noted in the
legend of Fig. 4. Blots hybridized with riboprobes were washed
with 2x SSC (lx SSC is 0.15 M sodium chloride and 0.015 M
sodium citrate, pH 7) containing 1 ,ug of RNase A (Sigma
Chemical Co., St. Louis, Mo.) per ml for 15 min at room
temperature followed by two washes of O.1X SSC containing
0.1% sodium dodecyl sulfate at 65°C to reduce nonspecific
hybridization of the probe to rRNA.
Immunofluorescence staining. Tissue culture dishes (60 mm

diameter) of mock- or MDV-infected CEF were incubated for
6 to 7 days until cytopathic effects were visible in MDV-
infected cultures. Monolayers were fixed by the addition of
95% ethanol to the dishes, which were then stored at -20°C
until staining. Prior to use, dishes were rehydrated and rinsed
three times with wash solution consisting of phosphate-buff-
ered saline (PBS) containing 3% heat-inactivated calf serum
(LT). Antiserum against the MDV US1 protein was prepared
and provided by P. Brunovskis and L. Velicer, Michigan State
University, East Lansing, Michigan. Affinity-purified antiserum
against ,-galactosidase was provided by Calvin Keeler, Uni-
versity of Delaware, Newark, Delaware, or obtained commer-
cially (5 Prime-*3 Prime, Inc., Boulder, Colo.). Prior to use,
both antisera were diluted 1:100 in diluent consisting of PBS
containing 3% goat serum (Sigma). For staining, dishes were

incubated with 2 ml of antibody solution for 2 h at 37°C and
subsequently rinsed three times with PBS. Dishes were then
incubated for 1 h at 37°C with 2 ml of fluorescein isothiocya-
nate-conjugated goat anti-rabbit immunoglobulin G antiserum
(Sigma) diluted 1:100 in diluent. Finally, dishes were rinsed
three times in wash solution and 2 ml of PBS was added to each
dish. Fluorescent plaques were identified under UV illumina-
tion with an inverted-stage microscope (Nikon Inc., Tokyo,
Japan) fitted with a DM 510 filter.
Growth curves. Twelve identical 60-mm tissue culture dishes

of CEF were inoculated with GAatt75-, GAatt85-, USllac-,
USlOlac-, US21ac-, or GAA4.8lac-infected CEF at approxi-
mately 100 PFU per dish. At 1, 2, 3, 5, and 7 days postinfection,
monolayers were harvested from duplicate dishes and inocu-
lated onto fresh CEF. Titer dishes were counted 6 days
postinfection, and the mean number of plaques was deter-
mined. Growth curves for each virus were performed with CEF
monolayers incubated at either 37 or 41°C, the latter being the
body temperature of the chicken.

Plating on fresh versus established monolayers. Secondary
CEF were prepared from primary CEF and plated onto 60-mm
dishes. Two days later, additional secondary CEF were pre-
pared from the initial stock of primary CEF. Monolayers
infected with GAatt75, GAatt85, USllac, US21ac, USlOlac, or
GAA4.81ac were harvested, and various doses of the viruses
were plated in triplicate onto freshly prepared CEF, 2-day-old
CEF, and 2-day-old CEF given fresh medium. Plaques were
counted 6 days postplating, and the mean number of plaques
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FIG. 2. Southern blot analysis of USllac and USlOlac. Panels A and B are Southern blots of StuI-digested DNA. Lanes: 1, the 2.8-kbp EcoRI
subfragment of the MDV US region (Fig. 1C, pMD161); 2, the 2.1-kbp BglI fragment of the lacZ cassette (Fig. 1D); 3, HindIII-digested X DNA
and HaeII-digested 'FX174 DNA markers; 4, uninfected CEF DNA; 5, GAatt85-infected CEF DNA; 6, USl1ac-infected CEF DNA; 7,
reisolated-USl1ac-infected CEF DNA; 8, USlOlac-infected CEF DNA; 9, reisolated-USlOlac-infected CEF DNA. (A) Southern blot probed with
the 2.8-kbp EcoRI fragment of pMD161 (shown in panel C). (B) Southern blot probed with the 2.1-kbp BglI lacZ fragment (see above). (C)
Diagrams of the US regions of GAatt85, USl1ac, and USlOlac MDVs including the open reading frames, the StuI sites, and the sites and
orientations of lacZ insertion. Molecular sizes are given in kilobase pairs. Abbreviations: E, EcoRI; N, NaeI; S, Sall; St, StuI.

per dish was determined. The above procedure was performed
several times, and the mean percentage decrease in plaque
number on established CEF monolayers was determined for
each virus strain.

Virus reisolations. One-day-old and seven-day-old specific-
pathogen-free single-comb white leghorn chickens were ob-
tained from SPAFAS (Norwich, Conn.), wingbanded, ran-
domly assigned to experimental groups, and housed in
modified Horsfall isolation units individually equipped with
HEPA filters and maintained under negative pressure. At 1 or
7 days of age, chickens were inoculated intra-abdominally with
various doses of GAatt75-, GAatt85-, USl1ac-, US21ac-,
USlOlac-, or GAA4.8iac-infected or uninfected CEF, with five
chickens for each inoculum. Spleen cells were isolated 5- to
7-days postinoculation as follows. Spleens were removed and
pooled from three chickens per dose, rinsed in incomplete
medium consisting of M199 (LT) supplemented with 100 IU of
penicillin G per ml and 100 ,ug of dihydrostreptomycin per ml,
and homogenized on ice with a Dounce homogenizer. Spleno-
cytes were washed three times in incomplete medium and
resuspended at a concentration of 2 x 107 cells per ml in
complete medium (incomplete medium containing 3% heat-
inactivated calf serum [LT]). For virus reisolations, 2 x 106
viable cells were plated onto fresh CEF and plaques were
counted 6 days later. Cocultivation dishes for mutant viruses
were stained for ,-galactosidase activity as described previ-
ously (9).

RESULTS

Analysis of mutant genomes. Southern blots of StuI-digested
DNA from uninfected CEF or CEF infected with GAatt85,
USllac, reisolated USllac, USlOlac, and reisolated USlOlac
probed with the 2.8-kbp EcoRI subfragment of the BamHI-A
fragment of the MDV genome (Fig. 1) indicated that recom-
bination of the lacZ-mutagenized MDV fragments in the
GAatt85 genome occurred site specifically, in a manner con-
sistent with a double reciprocal crossover (Fig. 2). The lacZ
cassette used for mutagenesis contained an StuI restriction site
at its 5' end and, therefore, introduced an additional StuI site
into the mutagenized region (Fig. 1). The presence of this
additional Stul site and the increase in apparent sizes of the
MDV and lacZ homologous fragments indicated that the
orientations of lacZ for USilac and USlOlac were as shown
schematically in Fig. 2C. An additional band of approximately
14 kbp was detected in the DNA purified from USlOlac-
infected CEF. This band was absent in DNA purified from
reisolated-US1Olac-infected CEF. Digestion of DNA from
USlOlac-infected CEF with other restriction enzymes indi-
cated that the 14-kbp fragment did not result from incomplete
digestion with StuIl (data not shown).

Southern blot analysis of EcoRI-digested DNA purified
from CEF infected with GAA4.81ac indicated that lacZ inser-
tion occurred as depicted in Fig. 1 (Fig. 3). The lacZ cassette
used for mutagenesis contained an EcoRI site (Fig. 1D), and
insertion of the cassette into the deleted region resulted in the
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FIG. 3. Southern blot hybridization analysis of GAA4.81ac. (A) Southern blots of EcoRI-digested DNA. Lanes: 1, 12.2-kbp HindIII-BamHI
fragment of BamHI-A; 2, 2.1-kbp BglI fragment of lacZ cassette; 3, HindIII-digested A DNA and HaeIII-digested OX174 DNA markers; 4,
uninfected CEF DNA; 5, GAatt75-infected CEF DNA; 6, GAA4.8lac-infected CEF DNA. (B) Diagrams of the US regions of GAatt75 and
GAA4.81aclac including restriction sites, open reading frames (labeled arrows), and the probes used in panel A (solid bars). The solid arrow

indicates the site and orientation of lacZ cassette insertion in GAA4.81ac. The shaded circle denotes a prominent bidirectional transcriptional
termination region. Sizes are given in kilobase pairs. Abbreviations: B, BamHI; Bg, BglII; E, EcoRI; H, HindIII; P, PstI, St, StuI.

introduction of an EcoRI site. When the 12.2-kbp HindlIl-
BamHI fragment spanning the deleted region was used as the
probe for this analysis, bands of 5.8, 5.3, 2.8, 2.6, and 1.9 kbp
were detected in GAatt75-infected CEF DNA (Fig. 3A).
Bands of 7.8, 5.8, 2.6, and 1.5 kbp were detected in GAA4.81ac-
infected CEF DNA (Fig. 3A). Deletion of the 4.8-kbp PstI
fragment and insertion of the 4.0-kbp lacZ cassette in
GAA4.81ac should have resulted in the loss of the 2.8-kbp
band, an increase in size of the 5.3-kbp band to 7.8 kbp, and
truncation of the 1.9-kbp band to a species approximately 1.5
kbp in size. An unexpected band of 2.6 kbp was present in
DNA from both the parent virus and the GAA4.81ac mutant.
The lacZ probe detected the expected 7.8-kbp EcoRI fragment
in GAA4.8lac-infected CEF DNA.
To examine the origin of the unexplained 2.6-kbp band, the

blot probed with the lacZ fragment was stripped and reprobed
with the 4.8-kbp PstI fragment that constituted the deleted
region (Fig. 3A). This analysis indicated that the 4.8-kbp PstI
fragment was indeed deleted from the GAA4.81ac genome and
that no parental virus was present in the GAA4.81ac stock. We
surmised that since the 12.2-kbp HindIII-BamHI probe cov-

ered a portion of the internal repeat flanking the US (IRS), the
additional 2.6-kbp band could stem from hybridization of the
probe to the EcoRI fragment spanning the junction between
the US and the terminal repeat flanking the US (TRs). The

blot previously probed with the 12.2-kbp HindIII-BamHI frag-
ment was stripped and reprobed with a 3.0-kbp NcoI-PstI
fragment upstream of the site of lacZ insertion in GAA4.81ac
and overlapping the internal repeat flanking the US (IRS) (5).
This probe detected the expected bands of 5.8 and 1.9 kbp in
GAatt-infected CEF DNA and bands of 5.8 and 1.5 kbp in
GAA4.8lac-infected CEF DNA (Fig. 3A). In addition, the
probe detected the 2.6-kbp band in both GAatt- and
GAA4.8lac-infected CEF DNAs. The results were consistent
with the idea that the 2.6-kbp EcoRI fragment is the US-TRs
junction fragment.

Changes in MDV transcription due to mutagenesis.
Changes in gene expression associated with the insertion of the
lacZ cassette were examined by Northern blot hybridization
(Fig. 4 and 5). A summary of the transcription analysis is
presented in Fig. 6. The most prominent difference in tran-
scription patterns between USllac, GAA4.81ac, and their par-
ent viruses was the loss of two abundant transcripts of 1.7 and
2.6 kb (Fig. 4B and 5B). Both these transcripts initiate up-
stream of the US1 open reading frame and are transcribed
through the US1 and US10 open reading frames (Fig. 4C and
5B). The 2.6-kb transcript initiates just upstream of the PstI
site within the Sorfl open reading frame (data not shown) and
reads through Sorfl and Sorf2, US1, and US10 open reading
frames (Fig. 4C and 5B). The 1.7-kb transcript initiates to the
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right of the EcoRI site immediately upstream of the US1 open
reading frame (Fig. 5B and reference 5). Although insertion of
the lacZ cassette within the US1 open reading frame resulted
in the loss of both transcripts, insertion within the US10 open
reading frame resulted in the loss of the 1.7-kb transcript and
truncation of the 2.6-kb transcript to a species approximately
2.2 kb in size (Fig. 4B and C). In Fig. 4C, the pMD165-derived
riboprobe apparently detected a transcript species of approx-
imately 1.7 kb. This band arose as an artifact of the RNase A
wash protocol which preferentially digests riboprobes that
hybridize nonspecifically to rRNA. Prior to the RNase wash,
the USlOlac RNA lane (Fig. 4C, pMD165, lane 4) contained a
smear of RNA species which were presumably degradation
products of the 2.2-kb transcript. After the RNase wash, the
nonspecifically bound riboprobe digested from the rRNA
bands left a visible gap in this smear of RNA species, creating
what appeared to be a new transcript species just below the 18S
rRNA. Since this transcript species was not detectable with a
larger double-stranded probe which spans this region (Fig.
4B), with a double-stranded probe downstream of this region
(Fig. 4C, MscI-DraI probe), or on subsequent blots probed
with pMD165 (data not shown), it is unlikely that a transcript
species of this size is expressed from this region of the USlOlac
genome.
The lacZ probe detected a major transcript of 3.6 kb, the

expected size of the lacZ transcript, in RNA from CEF
infected with USllac, USlOlac, US21ac, or GAA4.81ac (Fig. 4B
and 5B). Expression of lacZ was constitutive in CEF infected
with the mutant viruses, since the promoter driving lacZ
expression on the insertion mutagenesis cassette was the
simian virus 40 early promoter.

Several additional transcripts were also detected on the
Northern blots (Fig. 4 and 5). First, a double-stranded MscI-
DraI probe spanning the US10 open reading frame detected a
low-abundance transcript of 0.9 kb in RNA from CEF infected
with GAatt85 or the USllac mutant that was truncated to a
species of approximately 0.5 kb in RNA from USlOlac-infected
CEF (Fig. 4C). This low-abundance 0.9-kb transcript was not
detected with larger probes or with probes upstream or
downstream of US10 (Fig. 4B and C).

Second, minor-abundance transcripts of 5.2, 6.2, and 7.0 kb
were detected in RNA purified from CEF infected with USllac
and/or USlOlac but not with the parent virus (Fig. 4B and C).
These large transcripts also hybridized with the lacZ probe
(Fig. 4B). When USilac RNA was probed with a riboprobe
derived from pMD165, the 5.2- and 7.0-kb transcripts were
detected, indicating that they result from promoter read-into
and read-through of the inserted lacZ gene, respectively (Fig.
4B and C, schematically shown in Fig. 6B). The 5.2-kb tran-
script potentially encodes the amino-terminal 77 amino acids,
or roughly 40% of the US1 protein. Likewise, the 7.0-kb
transcript, which reads through the lacZ cassette and is detect-
able by the MscI-DraI double-stranded probe downstream of
the site of lac insertion, potentially encodes the entire, albeit
disrupted, US1 open reading frame. Whether portions of the
US1 protein are translated, stable, or functional is unknown,
but US1 protein expression is not detectable by the anti-US1-
TrpE fusion protein antiserum used for immunofluorescence
(Fig. 7).

Similarly, minor-abundance read-through transcripts of 6.2
and 7.0 kb were detected in RNA purified from USlOlac-
infected CEF. These transcripts were detectable both up- and
downstream of the site of lacZ insertion, indicating that both
transcripts read through the lacZ cassette (Fig. 4C). These
transcripts potentially encode the amino-terminal 30 amino
acids or roughly 14% of the US10 open reading frame which
lies upstream of lacZ insertion. Because of a lack of antisera
capable of detecting the MDV US10 protein by immunofluo-
rescence, the expression of portions of this polypeptide cannot
be excluded.

Third, a riboprobe derived from pMD166 and downstream
of the US10 gene detected a transcript of 2.0 kb having the
same polarity and possibly encoding US2 and/or Sorf3 prod-
ucts (Fig. 4C and D). This species was of minor abundance,
and its detection by larger probes was masked by the abun-
dance of the 2.6- and 1.7-kb transcripts mentioned above. The
fact that this transcript was present in both GAatt85- and
USlOlac-infected CEF RNA indicated that disruption of the
US10 open reading frame did not affect its expression. In
addition, a 1.5-kb minor species which mapped to this region
was inconsistently detected (Fig. 4C and D).
With regard to changes in US2 gene expression, Northern

blot hybridization analysis with riboprobes generated from
pMD166 and pMD167 (Fig. 4D), which are complementary to
transcripts encoding the Sorf3 and US2 gene products, indi-
cated that a transcript of 2.0 kb was present in RNA from
GAatt85- and US21ac-infected CEF (Fig. 4D). In addition,
species of approximately 3.8 and 3.2 kb were present in
US21ac-infected CEF RNA. These transcripts apparently ini-
tiate within and are opposite in polarity to lacZ. Multiple
transcripts having comparable sizes were detected with the
double-stranded lacZ probe (Fig. 4B). Double-stranded probes
derived from DNA sequences downstream of the US21ac site
of lacZ insertion failed to detect the loss or truncation of any
transcripts (data not shown).

Transcripts initiating within and antisense to lac were also
detected downstream of the lacZ cassette insertion in
GAA4.81ac (Fig. 5). These transcripts of >8 kb were detectable
in long exposures of GAA4.8lac-infected CEF RNA hybridized
with the lacZ probe (data not shown). These transcripts
apparently read into a predominant 6.2-kb transcript that
initiates just downstream or within the 5' end of the US2 gene
(Fig. 5B). This 6.2-kb species has been recently described (28)
and reads through US3, Sorf4, US6, US7, and US8 genes to a
transcriptional termination region near the US-TRs junction (5).
Changes in MDV US1 protein expression due to mutagen-

esis. Immunofluorescence staining of GAatt85-, USllac-,
USlOlac-, and GAA4.8lac-infected CEF indicated that the
GAA4.81ac deletion mutant and the USilac insertion mutant
did not produce a US1 protein that reacted with the antiserum
used, whereas the GAatt85 parent and USlOlac insertion
mutant did (Fig. 7). The loss of US1 protein expression
indicated that no parental virus was present in the US1lac and
GAA4.81ac stocks and correlated with the disruption or dele-
tion of transcripts capable of encoding USL. The anti-US1
antiserum used for indirect immunofluorescence was gener-
ated against a fusion protein consisting of 123 amino acids, or
approximately 69%, of the US1 protein fused to the TrpE

USlOlac-infected CEF as discussed in the text. (D) Northern blots probed either with a riboprobe generated from pMD166 or a riboprobe derived
from pMD167 (see above). Lanes: 1, uninfected CEF RNA; 2, GAatt85-infected CEF RNA; 3, US21ac-infected CEF RNA. Molecular sizes are
given in kilobase pairs (DNA probes) or kilobases (RNA species and riboprobes); sizes of markers are shown in columns labelled mrks; observed
transcript sizes are given in parentheses. Abbreviations used: B, BamHI; Bg, BglII; D, DraI; E, EcoRI; H, HindIII; M, MscI; P, PstI; S, Sall; St, Stu.

VOL. 68, 1994



8246 PARCELLS ET AL.

A

Sortl Sorf2 USi USi10 Sorf3 US2 UJS3 SoOl4 US6 US7

1.9
E F

2.8
E E

4.3

4.8

B

1.9 EcoRI 2.8 EcoRI 4.3 EcoRi-BamHil 4.8 PstI

mrks 1 2 3 1 2 3 1 2 3 1 2 3

i*3.f,
s~~~~~~~~~~~~~~~~~~~~~~~~~~1 .:;>

- ~ ~~~~~~~~~~~~~~~~~~~~~~~~

0

lacZ

1 2 3 mrks

-_, 9.5
-_6 .2

_w -a 3.9

2.8

1 ,9
_ 0.9

- 0.6

FIG. 5. Northern blot hybridization analysis of GAA4.81ac RNA. For Northern blot analysis, total RNA was used. (A) Diagram of the US
region of MDV GA strain including a restriction map, a map of open reading frames, and the sizes and locations of probes used for the Northern
blots. The shaded circle denotes a bidirectional transcriptional termination region. (B) Northern blots of MDV-infected CEF RNA. Lanes: 1,
uninfected CEF RNA; 2, GAatt75-infected CEF RNA; 3, GAA4.8lac-infected CEF RNA. The probes are, as shown in panel A, the 1.9-kbp EcoRI
subfragment ofBamHI-A, the 2.8-kbp EcoRI subfragment ofBamHI-A, the 4.3-kbp EcoRI-BamHI subfragment ofBamHI-A, and the 4.8-kbp PstI
subfragment of BamHI-A (constituting the region deleted from GAA4.81ac). The lacZ-specific probe is the 2.1-kbp BglI fragment of the lacZ
cassette (Fig. 1D). Molecular sizes are given in kilobase pairs (DNA probes) or kilobases (RNA transcripts); mrks, markers. Abbreviations, B,
BamHI; Bg, BglII; D, DraI; E, EcoRI; H, HindIII; P, PstI; S, SalI; St, StuI.

protein of Escherichia coli (5, 6). An overlap of only 19 amino
acids exists between the portion of USi possibly expressed by
USllac and the portion of the USi expressed as a TrpE fusion
protein. Consequently, it is possible that USilac expressed an
amino-terminal fragment of the USl protein that was not
detectable by the anti-fusion protein antiserum. In the case of
the GAA4.81ac deletion mutant, however, production of a
truncated version of the USl protein would be impossible. In
addition, since the USlOlac mutant produces immunologically
detectable USl and a truncated version of the 2.6-kb tran-
script, it is likely that the 2.6-kb transcript encodes USl.
Immunofluorescence analysis with anti-,B-galactosidase anti-
bodies indicated the USl1ac-, USlOlac-, and GAA4.81ac-in-
fected CEF expressed readily detectable levels of ,-galactosi-
dase whereas GAatt85-infected CEF did not (Fig. 7).

Loss of USi affects the late but not the early growth kinetics
of the USllac and GAA4.8kac mutants in CEF. Growth curves

of USllac, USlOlac, US21ac, and GAA4.81ac mutants showed
that the loss of these genes either by singular disruption (US1,
USlO, and US2) or by deletion (Sorfl, Sorf2, US1, USlO,
Sorf3, and US2) caused no drastic growth impairment ofMDV
in CEF for the first 3 to 4 days postinfection (Fig. 8). For the
USlOlac and US21ac mutants, growth curves continued to be

similar to those of their respective parent viruses for the
duration of the experiment. Note that for the USlOlac mutant
41°C growth curve, the input dose of USlOlac was less than
that of the GAatt85 parent virus and the two growth curves
were essentially superimposable. However, differences in the
growth curves of viruses lacking a functional USi gene (USl1ac
and GAA4.81ac) became evident 4 to 6 days postinfection (Fig.
8). By 5 days postinfection at 41°C, both the USilac insertion
mutant and the GAA4.81ac deletion mutant showed decreases
in virus accumulation resulting in at least 5- to 10-fold reduc-
tions in virus yield by day 7. This decrease was particularly
notable for GAA4.81ac. Consistent with this result were the
observations that USllac and GAA4.81ac plaques were gener-
ally smaller than those of their respective parents and that the
numbers of PFU per plaque that could be obtained upon

passage of these strains were approximately 100 for USllac, 50
for GAA4.81ac, and 200 for the parent viruses.
To determine whether the decreases in plaque size and virus

yield observed for USilac and GAA4.81ac were related to the
growth status of the CEF monolayer, the plaquing efficiencies
of the insertion mutants, the deletion mutant, and their
respective parent viruses on freshly plated and established
CEF monolayers were determined. Plating on 2-day-old CEF
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monolayers resulted in a consistent 30 to 50% decrease in the
number of USl1ac and GAA4.81ac plaques obtained relative to
the number of plaques obtained on fresh CEF cultures (Fig. 9).
For the parent viruses and the US21ac and USlOlac mutants,

only a 10 to 15% decrease in plaque yield was noted (Fig. 9).
The differences in plaquing efficiency between USllac,
GAA4.81ac, and their parent viruses could be ameliorated by
the addition of fresh medium to the cultures prior to virus
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FIG. 7. Immunofluorescence analysis of GAatt85, USllac, and GAA4.81ac. Ethanol fixed, MDV-infected monolayers were probed with either
rabbit anti-US1-protein polyclonal antiserum (a-US1) or rabbit anti-13-galactosidase (a-pgal) followed by goat anti-rabbit-immunoglobulin-
fluorescein isothiocyanate conjugate. Plaques shown are from GAatt85-infected CEF (GAatt), USllac-infected CEF (USllac), USlOlac-infected
CEF (USlOlac), and GAA4.8lac-infected CEF (GAA4.8lac).

inoculation (data not shown). Furthermore, lymphoblastoid
cell lines have been established from tumors induced by
RB1BA4.81ac, an MDV mutant having a deletion identical to
that of GAA4.81ac crossed into the genome of the highly
oncogenic RB1B strain. When MDV was reactivated from
these cell lines, a 30-fold growth impairment was seen on
quiescent compared with freshly plated CEF (29).

Reisolation of MDV insertion and deletion mutants from
infected chickens. For the input doses examined, the insertion
and deletion mutants could be reisolated from spleen cells of

infected chickens 5 to 7 days after intra-abdominal inoculation
of virus-infected CEF (Table 1). In experiment 1, the reisola-
tion frequency of USllac was low and reisolation of USlOlac
was not detectable. In experiment 2, USlOlac was reisolated at
a frequency comparable with that of its parent virus and
USllac reisolation was apparent upon blind passage of the
cultures. Since several experiments indicated that the GAA4.81ac
mutant was efficiently reisolated and this strain carries a deletion
spanning both the US1 and US10 genes, it was apparent that
these genes are not essential for infection of chickens and

J. VIROL.
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TABLE 1. Reisolation of mutant and parent viruses
from splenocytes of chickens

Expt and strain Dose PFU/ Avg PFU/(PFU)- (2 x 106 cells)' (2 x 106 cells)'

1
Mock infected 0, 0, 0 0 ± 0
GAatt75 11,000 8, 3, 4 5 ± 3
GAatt85 8,000 16, 13, 9 13 ± 4
USllac 6,000 0, 1, 1 1 1
US21ac 7,000 37, 47, 63 49 ± 13
USlOlac 7,000 0, 0, 0 0 0
GAA4.81ac 8,000 47, 33, 38 39 ± 7

2
Mock infected 0, 0 0
GAatt75 30,000 4, 3 4
GAatt85 24,000 17, 13 15
USllac 21,000 0, 0" od
US2.31ac 37,000 10, 12 11
USlOlac 21,000 12, 7 10

3
Uninfected 0, 0 0
Mock infected 0, 0 0
GAatt75 9,000 44, 45 45
US21ac 4,000 18, 31 25
GAA4.81ac 7,000 13, 7 10

4
Uninfected 0, 0 0
Mock infected 0, 0 0
GAatt75 14,000 13, 8 11
US21ac 11,000 107, 137 122
GAA4.81ac 6,000 15, 18 17
a The indicated dose was inoculated intra-abdominally into specific-pathogen-

free single-comb white leghorn chickens.
b Actual counts.
c Cocultivations were done in triplicate for experiment 1; values are means ±

standard deviations. In other experiments, cocultivations were in duplicate.
d Virus was reisolated upon blind passage of the culture.

reisolation of viruses from splenic lymphocytes. Interestingly, the
US21ac mutant was quite efficiently isolated in several experi-
ments. However, in experiment 2, an independent US2 insertion
mutant (US2.31ac) was tested, and this mutant was reisolated with
efficiency comparable to that for its parent virus. Thus, disruption
of the US2 gene does not appear to specifically enhance virus
reisolation, and quantitative differences in reisolation frequencies
may exist among independent isolates of mutants and should be
interpreted with caution. All cocultivation dishes for mutant
viruses stained positive for ,-galactosidase activity, indicating that
the Lac' phenotype was retained following passage of the strains
through chickens.

DISCUSSION

We have constructed various MDV strains containing mu-
tations that affect expression of the US1, US10, US2, Sorfl,
Sorf2, and Sorf3 genes of an attenuated serotype 1 MDV.
Southern blot analysis of DNAs from USllac, US1Olac, and
GAA4.81ac viruses reisolated from splenocytes of infected
chickens indicated that the reisolated mutant constructs were
stable and free of parental virus (Fig. 2 and data not shown).
The absence of detectable parental DNA restriction patterns
in DNA from USilac and GAA4.81ac mutants argues that the
recombinant virus stocks are homogeneous at the sites of lacZ
insertion. In the case of the original USlOlac isolate, the

detection of a 14-kbp band in StuI-digested USlOlac DNA with
MDV- and lacZ-specific probes indicated the presence of an
additional population of viruses containing an uncharacterized
mutation as well as a lacZ cassette insertion. Failure to detect
this population in USlOlac that was reisolated from infected
chickens indicates that the populations segregated during in
vivo infection.
The construction of the insertion and deletion mutants

demonstrates that the Sorfl, Sorf2, US1, US10, Sorf3, and US2
genes are nonessential for growth of attenuated MDV in CEF.
This report and the reports that the US3 homolog (34) and
US6 homolog (28) are nonessential indicate that 8 of the 11
putative genes encoded within the US region of MDV are
nonessential for growth in cell culture.
The major changes in gene expression associated with the

various mutants can be summarized as follows. (i) Insertion
into the US1 gene ofMDV resulted in the loss of two abundant
transcripts 2.6 and 1.7 kb in size. These transcripts are likely to
be the 2.6- and 1.7-kb species previously reported by Schat et
al. (37). (ii) Insertion into the US10 gene of MDV resulted in
the loss of the 1.7-kb transcript and truncations of the 2.6- and
0.9-kb transcripts to species that are 2.2 and 0.5 kb, respec-
tively. (iii) Insertion into the US2 gene resulted in no detect-
able loss of transcripts and actually resulted in the presence of
additional transcripts initiating within and antisense to the
lacZ marker gene. The effects of these additional transcripts on
MDV are unknown, but they clearly do not impair the growth
of US21ac in cell culture or in vivo. (iv) Deletion of the 4.8-kbp
PstI fragment containing the 5' end of the Sorfl gene, the
complete Sorf2, US1, US10, and Sorf3 genes, and 80% of the
US2 gene resulted in the loss of the two predominant tran-
scripts (2.6 and 1.7 kb) and the loss of several lower-abundance
transcripts. Additionally, insertion of the lacZ cassette into this
deletion resulted in the expression of large transcripts (>8 kb)
initiating within and antisense to the lacZ gene. These tran-
scripts extended through US3, Sorf4, US6, US7, and US8
genes of MDV and presumably terminates at or near the
US-TRs junction.

Other changes in transcription involve transcripts that orig-
inate upstream of the lacZ insertion site and read through the
lacZ cassette. Although these read-through transcripts are of
minor abundance, they do present the possibility that portions
of the US1 and US10 proteins may be produced. These
transcripts could possibly be translated to yield portions of the
US1 (40%) or US10 (14%) proteins. Since the antiserum used
to detect the US1 protein by immunofluorescence may not
detect such a truncated protein (see above), it is possible that
a portion of the US1 protein is expressed in USl1ac-infected
CEF. Likewise, it is possible that a portion of the US10 protein
and a portion of the US2 protein are expressed in USlOlac-
and US21ac-infected CEF, respectively. However, it is not
possible that the GAA4.81ac mutant produces truncated ver-
sions of US1 or US10 proteins, since their entire coding
regions have been deleted.
Of the mutants constructed, the US1 mutants (USllac and

GAA4.81ac) were the most interesting phenotypically. Growth
curves indicated that production of these mutant viruses was
affected late, but not early, after plating. In addition, the use of
2-day-old CEF cultures resulted in a 30 to 50% decrease in
plaque yields obtained with these mutants compared with a 10
to 15% decrease for the parent and the US2lac and USlOlac
mutant viruses. These results suggested that a factor present in
freshly prepared CEF may be able to compensate for the loss
of US1. In older CEF cultures, typical of the later stage of the
growth curves, this factor may be less abundant or less active,
making the effect of US1 loss appear more apparent in the
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FIG. 8. Mutant MDV growth curves. Growth curves were performed at 37°C or at 41°C. Parent viruses are indicated by squares, and mutant
viruses are indicated by solid triangles. Time points are means of at least two dilutions plated in triplicate per virus strain. Growth curves are
GAatt85 versus USllac (A), GAatt75 versus US21ac (B), GAatt85 versus US10lac (C), and GAatt75 versus GAA4.81ac (D).

growth kinetics, plaque size, and PFU-per-plaque ratio. That a
cellular factor present in some cell types may compensate for
the loss of US1 is consistent with studies on HSV-1 US1
(ICP22) (30, 31, 39). An HSV-1 mutant lacking the carboxy-
terminal two-thirds of ICP22, R325,tk+, grew in Vero cells
but showed restricted growth in human embryonic lung cells
and RAT-1 rodent cells (1, 31, 39). This mutant produced a
truncated amino-terminal portion of ICP22 of approximately
33 kDa that was localized to the nucleus (1). Another mutant,
containing a deletion of all but 18 nucleotides of the US1
coding region, had similar growth properties in these cells (30).
Both mutants displayed prolonged expression of several early
gene products and delayed accumulation of late gene products
(30, 39), suggesting that ICP22 is involved somehow in the
early-to-late shift in virus gene expression.
The nature of the putative cellular compensatory factor is

unknown at this time. One report suggested that the cellular
factor may be more efficient or be regulated differently from
the HSV-1 US1 protein (39). This hypothesis was based on the
fact that a gamma promoter was expressed earlier in permis-
sive cells infected with HSV-1 lacking US1 than in cells
infected with intact HSV-1, presumably because of the greater
efficiency of the cellular compensatory factor in the absence of
viral US1. The hypothesis may also be supported by the fact
that HSV-1 lacking US1 actually initially grew better in
permissive Vero cells when plated at high multiplicities of
infection (39). In the case of MDV, the putative cellular factor
appeared to be more efficient in actively growing CEF cultures
than in 2-day-old cultures in which the monolayers were
completely confluent. Interestingly, when growth curves were
done for an HSV-1 US1 mutant, it was reported that although
growth was restricted in actively growing human embryonic
lung cells, growth restriction appeared to be dependent on the
age of the cultures (39).
The observed phenotype for the US1 mutants was more
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pronounced for the GAA4.81ac deletion than for the USllac
insertion mutant. It is possible that the insertion mutant
produced a truncated version of US1 derived from the portion
of the gene upstream of the insertion site, and this truncated
version of the protein may have some activity. If MDV and
HSV-1 US1 proteins are functionally equivalent, this is un-
likely since the initial HSV-1 US1 deletion mutant isolated
produced a truncated version of US1 comprised of approxi-
mately one-third of the US1 protein (1) and this mutant
displayed a host range and general phenotype like those of a
more-recently isolated deletion mutant in which all but 18
nucleotides of the HSV-1 US1 gene was deleted (30). Alter-
natively, other genes missing in the GAA4.81ac mutant may
have subtle phenotypes relative to viral growth that are not
obvious in the individual mutants but become apparent when
combined with loss of US1. That virulence is multigenically
controlled has been reported for pseudorabies virus (26).
The successful reisolation of GAA4.81ac from splenocytes of

chickens inoculated intra-abdominally with the virus argues
that the deleted genes are not absolutely required for early
infection of chickens by an attenuated MDV. However, this
result does not rule out the possibility that the genes contribute
to virulence in vivo in some cell types or under certain
circumstances. A more thorough investigation of the in vivo
phenotypes of these mutants involving other tissues such as
neural tissue is in progress. In addition, we have recently
isolated a deletion mutant in the background of the RB1B
oncogenic strain ofMDV (RB1BA4.8lac) (29), and this mutant
should be revealing with regard to the influence of the relevant
US genes on early cytolytic infection, oncogenicity, and hori-
zontal spread of the virus.
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