
Equine herpesvirus 1 (EHV-1) is endemic in horse
populations throughout the world, causing respiratory
infections, epizootic abortion and neurological disor-
ders in horses (2, 6, 14).  The economic impact of
EHV-1 infections is large in the horse industry.  Howev-
er, the molecular mechanism of EHV-1 pathogenicity is
unclear.

The EHV-1 genome is composed of a unique long
(UL) region and a unique short (US) region which is
flanked by two inverted repeat regions (IRS and TRS)
and encodes at least 72 unique genes and at least 4
diploid genes (11, 19, 20).

The EHV-1 genome contains five sizeable regions
appearing not to encode proteins.  The first is approxi-
mately 1 kbp in size and is located at the left end of the
viral genome (19).  The second is approximately 1 kbp
in size and is located between ORF 39 and ORF 40.

The third is approximately 1.5 kbp in size and is located
between ORF 62 and ORF 63.  The fourth, approxi-
mately 2 kbp in size, is located between ORF 63 and
ORF 64 in the UL/IRS junction.  The fifth region is a 2.5
kbp non-coding region that is located between ORF 64
and ORF 65 in IRS and TRS.

The functions of the intergenic regions have been
speculated, based on their nucleotide sequences.  The
non-coding region at the left end of the genome in UL

may be involved in genomic cleavage in the replication
of viral genome DNA (5, 21).  The non-coding region
between ORF 39 and ORF 40 contains the replication
origin, oriL (15).  The non-coding region between ORF
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64 and ORF 65 in IRS and TRS contains a replication
origin, oriS (3, 19).  Csellner et al. (7) reported that
insertion of a lacZ cassette in the second region
between ORF 62 and ORF 63 without any deletion of
viral genome sequences did not interfere with the
expression of the flanking genes and the resulting
mutant exhibited growth properties similar to those of
the parent EHV-1.  There is no report about the function
of the non-coding region between ORF 63 and ORF 64.

Many methods have been used for targeting DNA
recombination.  The cre/loxP recombination system
using a cre recombinase and loxP sites is known to be
useful for excising a DNA fragment with the loxP
sequence at the edges under the control of the cre
recombinase expression (1, 18), though a loxP sequence
remains at the site after excision.

In this study, we compared nucleotide sequences of
the intergenic region between ORF 62 and ORF 63
among field isolates of EHV-1.  We constructed recom-
binant viruses of EHV-1 Ab4p by insertion of a green
fluorescent protein (GFP) expression cassette with loxP
sequences and excision of the cassette by a cre recombi-
nase in this region without deletion of any viral genomic
sequences.  We then analyzed the virological properties
of the recombinant viruses in cell culture and in both
mice and hamster experimental infection models.  The
nucleotide sequences of this region consisted of vari-
able and conserved domains.  The GFP-inserted recom-
binant virus (Ab4-GFP) had lower virulence and
growth in cell culture than the wild type, although the
properties of a recombinant with only the loxP
sequence were identical to those of the parent Ab4p.
These results indicate that the intergenic region between
ORF 62 and ORF 63 might have a certain function in
the virus growth.

Materials and Methods

Viruses and cells.  EHV-1 Ab4p was kindly provided
by Dr. A.J. Davison, Glasgow University, Scotland.  Six
field EHV-1s were isolated in different outbreaks
among horses in Japan (Table 1).  These isolates had

different passage histories in cell culture.
Viruses were propagated in fetal horse kidney (FHK)

cells.  Virus titration, plaque assay and plaque purifica-
tion were examined in Madin-Darby bovine kidney
(MDBK) cells.  FHK and MDBK cells were grown in
Eagle’s minimum essential medium (Eagle’s MEM)
(Nissui, Japan) supplemented with 100 IU/ml peni-
cillin, 100 µg/ml streptomycin and 5% fetal bovine
serum (FBS).

Virus titration.  Virus titers were determined by
plaque assay in MDBK cells.  Briefly, 10-fold dilutions
of the virus were adsorbed onto MDBK cells.  After 90
min of adsorption at 37 C in 5% CO2, the inoculum was
removed and fresh medium containing 1.5% car-
boxymethylcellulose was added.  After 3 days incuba-
tion at 37 C in 5% CO2, cells were stained with crystal
violet solution (20 g/liter crystal violet, 50% methanol,
20% acetic acid, 25% formalin).

DNA extraction.  Total DNA was extracted from
virus-infected FHK cells as described previously (10).

DNA sequencing.  Four sets of PCR primers were
designed for the sequencing (Table 2).  DNA was
amplified with an initial denaturation step at 94 C for 4
min, followed by 30 cycles consisting of 94 C denatura-
tion for 30 sec, 60 C annealing for 20 sec and 72 C
extension for 1 min.  The four overlapped PCR frag-
ments were cloned into the pGEM Easy T-vector
(Promega, Japan) separately.  Sequencing was done
with M13-47 forward and RV-M reverse primers.
Sequences were analyzed using GENETYX-MAC ver.
12 software.  Sequence alignments were performed
using CLUSTAL X (12).  The phylogenic tree was con-
structed by the neighborhood-joining method (16) using
PHYLIP software (10).

Construction of the recombinant plasmids.  A 550-bp
PCR fragment corresponding to the nucleotides 109767
to 110317 of the Ab4p genome containing the insertion
point was amplified by PCR using Ex-Taq polymerase
(TaKaRa, Japan).  The PCR product was ligated with
the pUC19 (Amersham Pharmacia Biotech, Japan) at
the SmaI site (Fig. 1).  The resulting plasmid was desig-
nated as pE1.  A GFP expression cassette 1,640-bp frag-
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Table 1. EHV-1 strains which were used in this study

Strain Source Pathogenicity in hamster* Country Reference

Ab4p Abortion. Respiratory system Severe U.K. Telford et al. (19)
89c104 Nasal swab. Respiratory system Severe Japan Matsumura et al. (unpublished)
89c103 Nasal swab. Respiratory system Low virulent Japan Matsumura et al. (unpublished)
90c16 Nasal swab. Respiratory system Non virulent Japan Matsumura et al. (unpublished)
97c5 Embryo lung. Abortion Non virulent Japan Matsumura et al. (unpublished)
97c9 Embryo lung. Abortion Non virulent Japan Matsumura et al. (unpublished)
98c16 Embryo lung. Abortion Non virulent Japan Matsumura et al. (unpublished)

* Manuscript in preparation.



833GROWTH AND VIRULENCE ALTERATIONS OF EQUINE HERPESVIRUS 1

Ta
bl

e 
2.

 N
uc

le
ot

id
e 

se
qu

en
ce

s 
of

 p
ri

m
er

s 
fo

r 
PC

R
 a

nd
 s

eq
ue

nc
in

g

Pr
im

er
Se

qu
en

ce
L

oc
at

io
n 

in
 A

b4
p

Se
n 

F
5'

G
G

G
 C

T
T

 T
T

G
 T

G
G

 T
A

T
 A

TA
 G

G
T

 A
T

G
 C

A
C

 G
C

G
 G

T
G

 G
A

C
 3

'
10

97
67

–1
09

80
2

A
nt

i R
5 '

C
TA

 T
C

A
 G

T
C

 T
G

A
 G

A
G

 A
G

T
 G

T
T

 A
A

T
 A

G
T

 C
G

C
 C

G
C

 C
C

 3
'

11
03

17
–1

10
28

2
N

he
I 

   
   

   
 A

flI
I

Se
ns

-l
ox

P
5 '

G
G

G
 C

TA
 G

C
T

 T
A

A
 G

A
T

 A
A

C
 T

TA
 G

TA
 T

A
A

 T
G

T
 A

T
G

 C
TA

 T
A

C
 G

A
A

 G
T

T
 A

T
C

 G
A

T
 G

C
T

 G
TA

 A
TA

 A
T

C
 G

C
C

 T
TA

 3
'

11
00

55
–1

10
03

4
N

he
I 

   
   

   
N

si
I

A
nt

i-
lo

xP
5 '

G
G

G
 C

TA
 G

C
A

 T
G

C
 A

T
A

 T
A

A
 C

T
T

 C
G

T
 A

TA
 G

C
A

 T
A

C
 A

T
T

 A
TA

 C
G

A
 A

G
T

 T
A

T
 T

G
T

 T
T

C
 A

A
G

 G
C

G
 G

T
G

 T
T

T
 G

G
G

 A
 3

'
11

00
56

–1
10

07
7

Se
ns

 6
2–

63
5 '

C
C

A
 A

T
C

 C
C

T
 G

A
A

 C
G

A
 C

T
G

 C
A

A
 A

C
G

 G
A

T
 T

A
A

 C
C

C
 A

A
A

 C
C

G
 G

 3
'

10
83

82
–1

08
42

1
A

nt
i 6

2–
63

5 '
G

G
C

 C
A

A
 A

C
C

 C
T

T
 A

A
C

 T
A

T
 G

C
A

 A
C

C
 C

C
A

 A
A

A
 A

G
C

 A
G

C
 G

TA
 G

 3
'

11
23

21
–1

12
28

2
FC

2*
5 '

C
T

T
 G

T
G

 A
G

A
 T

C
T

 A
A

C
 C

G
C

 A
C

 3
'

14
77

–1
49

6
R

1*
5 '

G
C

G
 T

TA
 T

A
G

 C
TA

 T
C

A
 C

G
T

 C
C

 3
'

19
36

–1
91

7
SF

1
5 '

C
C

G
 G

T
C

 G
T

T
 C

G
G

 T
T

G
 A

G
C

 A
A

G
 T

T
T

 T
T

G
 A

T
G

 3
'

10
84

86
–1

08
51

5
SR

1
5 '

C
C

T
 C

C
A

 G
T

C
 C

A
C

 A
G

A
 T

A
T

 G
A

C
 A

T
C

 C
A

A
 A

G
G

 3
'

10
91

41
–1

09
11

2
SF

2
5 '

A
C

C
 G

G
A

 A
G

C
 T

T
G

 T
C

A
 T

A
T

 T
T

G
 T

G
A

 G
C

C
 T

G
G

 3
'

10
90

42
–1

09
07

1
SR

2
5 '

T
G

T
 G

A
A

 C
A

T
 C

A
C

 C
A

C
 C

A
A

 T
A

C
 C

A
A

 G
C

A
 C

G
G

 3
'

10
97

34
–1

09
70

5
SF

3
5 '

C
C

 A
A

T
 T

A
G

 C
C

C
 C

C
A

 A
T

T
 G

G
C

 A
C

A
 T

G
G

 T
A

A
 3

'
10

96
60

–1
09

68
9

SR
3

5 '
T

TA
 C

A
A

 A
A

A
 C

C
T

 A
T

G
 C

A
G

 G
G

G
 T

G
T

 G
G

G
 T

G
G

 3
'

11
02

65
–1

10
23

6
SF

4
5 '

T
T

C
 C

C
C

 C
G

G
 G

C
C

 T
TA

 T
A

T
 C

T
T

 G
C

A
 G

C
T

 T
TA

 3
'

11
01

04
–1

10
13

4
SR

4
5 '

T
T

G
 T

T
T

 T
A

G
 T

C
G

 A
C

C
 G

A
A

 G
C

T
 C

T
G

 A
G

G
 G

A
G

 3
'

11
06

81
–1

10
65

2
R

N
A

-F
1

5 '
A

T
G

 A
G

G
 G

T
C

 A
G

A
 G

G
T

 T
A

G
 A

T
C

 C
A

A
 G

C
A

 A
C

C
 3

'
10

88
91

–1
08

92
0

R
N

A
-R

1
5 '

T
G

G
 T

G
G

 G
A

A
 T

A
T

 T
A

C
 A

G
C

 T
T

C
 C

T
G

 G
G

C
 G

T
T

 3
'

10
91

98
–1

09
16

9
R

N
A

-F
2

5 '
C

C
G

 T
G

C
 T

T
G

 G
TA

 T
G

G
 G

T
G

 G
T

G
 A

T
G

 T
T

C
 A

C
A

 3
'

10
97

05
–1

09
73

4
R

N
A

-R
2

5 '
G

A
A

 G
A

C
 C

C
C

 C
A

A
 G

C
G

 T
T

T
 A

C
C

 T
A

T
 T

C
C

 A
T

G
 3

'
10

99
91

–1
09

96
2

R
N

A
-F

3
5 '

G
G

C
 G

A
T

 T
A

T
 T

A
C

 A
G

C
 A

T
C

 G
T

G
 T

T
T

 C
A

A
 G

G
C

 G
C

 3
'

11
00

37
–1

10
06

8
R

N
A

-R
3

5 '
T

C
A

 G
T

C
 T

G
A

 G
A

G
 A

G
T

 G
T

T
 A

A
T

 A
G

T
 C

G
C

 C
G

C
 3

'
11

03
14

–1
10

28
5

R
N

A
-F

4
5 '

G
G

T
 C

C
C

 C
A

T
 G

T
G

 A
A

A
 T

C
T

 A
G

C
 C

T
T

 G
T

T
 G

C
T

 3
'

10
85

94
–1

08
62

3
R

N
A

-R
4

5 '
G

G
T

 T
G

C
 T

T
G

 G
A

T
 C

TA
 A

C
C

 T
C

T
 G

A
C

 C
C

T
 C

A
T

 3
'

10
89

20
–1

08
89

1
R

N
A

-F
5

5 '
G

A
T

 A
A

G
 C

A
C

 T
G

G
 C

T
G

 A
T

C
 G

G
T

 G
G

T
 A

T
T

 C
A

G
 3

'
11

09
71

–1
11

00
0

R
N

A
-R

5
5 '

G
A

A
 G

A
T

 A
C

G
 A

G
C

 G
A

T
 G

A
A

 A
C

C
 A

G
C

 A
C

A
 G

A
C

 3
'

11
12

79
–1

11
25

0

* 
Pr

im
er

 d
es

ig
ne

d 
by

 K
ir

is
aw

a 
et

 a
l. 

(1
3)

.



ment from the pEGFP-N1 (Clontech, U.S.A.) represent-
ing the GFP expression cassette containing the CMV/IE
promoter and flanked by two loxP sites was inserted
downstream of ORF 63 as follows.  Two PCR primers
(Sens-loxP and Anti-loxP) were designed to contain a
loxP site and restriction sites as shown in Table 2.  Each
primer was used in a separate PCR that resulted in
amplification of the 550-bp fragment.  Both fragments
were cut internally with BglII (the sense loxP frag-
ment), EcoRV (the antisense loxP fragment), and NheI
(both).  Simultaneously, pE1 was digested with both
BglII and EcoRV.  Both the sense loxP and antisense
loxP fragments were ligated with each other at NheI site
and with pE1 in BglII and EcoRV sites through a triple
ligation.  The resulting clone, designated as pE2, con-
tained an NsiI and an AflII site flanked by two loxP sites
in the same orientation with each other (Fig. 1).  A

1,640-bp fragment from the pEGFP-N1 representing
the GFP expression cassette was inserted into the NsiI
and AflII sites resulting in the pEG1 plasmid.

A 3,939-bp PCR fragment, corresponding to the
nucleotides 108382 to 112321 of the Ab4p genome,
containing ORF 62 and downstream of ORF 63 was
cloned into the pT7Blue vector (Novagen, Japan).  The
resulting clone was designated as pE3.  The recombi-
nant plasmid, pEGr, was constructed by cloning the
GFP cassette flanked by two loxP sites (from pEG1
plasmid) into the BglII and EcoRV sites of the pE3
plasmid (Table 2 and Fig. 1).

Homologous recombination. A monolayer of MDBK
cells in a 6-well plate was infected by Ab4p at an MOI
of 0.4.  After 90 min of adsorption, cells were transfect-
ed by 4 µg/well of pEGr plasmid (Fig. 1) which was
linearized by digestion with SpeI by using 10 µl/well of

834 E.S.M. IBRAHIM ET AL

Fig. 1. Scheme of the construction of the recombinant viruses. (A) Diagram of the EHV-1 genome. (B) We amplified a fragment corre-
sponding to the nucleotides 108382 to 112321 of the Ab4p genome by PCR. The PCR product was cloned into the pT7-T vector to con-
struct the pE3 plasmid. (C) GFP cassette was inserted into pE3 plasmid to construct the recombinant plasmid (pEGr). The insertion
point was between the nucleotides 110055 and 110056 of the Ab4p genome. (D) MDBK cells were infected with Ab4p and transfected
with pEGr to construct the recombinant Ab4-GFP by homologous recombination. (E) The recombinant Ab4-GFP contains the GFP-
expression cassette flanked by two loxP sites. (F) The recombinant Ab4-loxP was constructed by excision of the GFP cassette by cre
recombination in MDBK cells. Abbreviations: IR and TR, internal and terminal repeat sequences, respectively; UL, unique long region;
US, unique short region.



Lipofectamine 2000 (Invitrogen, Japan).  When 90% of
the cells showed CPE, the supernatant was collected.

Appropriate dilutions of the virus stock were inocu-
lated into MDBK cells.  After 90 min of adsorption,
cells were covered by fresh MEM containing 5% of
FBS and 1.5% of carboxymethylcellulose, and incubat-
ed for 3 days at 37 C. The desired virus was identified
and selected under fluorescent microscopy.  Recombi-
nant viruses were purified by three rounds of plaque
purification.  Recombinant viruses were verified by
PCR.  PCR assays were carried out to detect the pres-
ence of the GFP cassette and the loxP sequence in the
genome of Ab4-GFP.  Specific primers were used
(Table 2) to identify the recombinant viruses with Ex-
Taq polymerase.  DNA amplification was performed
with an initial denaturation step at 94 C for 4 min, fol-
lowed by 30 cycles consisting of 95 C denaturation for
30 sec, 64 C annealing for 20 sec and 72 C extension for
2 min.  The presence of the GFP cassette flanked by
two loxP sites was confirmed by sequencing.

Cre recombination.  To remove the GFP cassette
from Ab4-GFP virus (Fig. 1), MDBK cells were inocu-
lated with Ab4-GFP at an MOI of 0.4 and then trans-
fected with 2 µg/well of pxCANCre plasmid (17)
(obtained from Riken under the permission of Dr. Saito,
Tokyo University) by using 10 µl/well of Lipofecta-
mine 2000.  When 90% of the cells showed CPE, the
supernatant was collected.  After three times plaque
purification the desired non-fluorescent plaques were
identified and selected under fluorescent microscopy.
The presence of a loxP sequence was confirmed by
sequencing.

Virus growth kinetics.  Confluent monolayers of
MDBK cells in 6-well plates were infected with the
viruses at an MOI of 1. After 90 min adsorption at 37 C,
cells were rinsed for 1 min with MEM to remove the
unabsorbed viruses.  Cells were then incubated with
fresh MEM supplemented with 2% FBS.  At 0, 8, 16,
24, 32, 40, 48, 60 and 72 hr post-infection, supernatant
and infected cells were collected separately.  The extra-
cellular and intracellular virus titers were determined by
plaque assay.

Plaque size measurements.  The average sizes of
plaques in MDBK cells were measured after 3 days
post-inoculation.  The diameters of 100 randomly
selected plaques were measured by using NIH Image
1.63 soft-ware.  Student’s t-test was employed to com-
pare the mean plaque sizes of the viruses examined.

RT-PCR.  MDBK cells in 6-well plates were inocu-
lated with either wild type or recombinant viruses.
Cells were harvested at 6 hr and 24 hr post-inoculation.
Total RNA was extracted using TRIZOL reagent (Invit-
rogen) and resuspended in 15 µl DEPC-treated distilled

water.  Total RNA was treated with RNase-free DNase I
(TaKaRa) and incubated for 30 min at 37 C. Then RNA
was extracted with phenol/chloroform (1:1) following
standard procedures and resuspended into 15 µl DEPC-
treated distilled water.  Five microliters of RNA (250
ng) solution was heated at 95 C for 5 min for denatura-
tion, combined with reverse transcriptase master mix
consisting of 2.5 µl of 5� RT buffer (TOYOBO,
Japan), 2.5 µl dNTP (TaKaRa), 1 µg of pd (N)6 random
hexamer (Amersham Pharmacia Biotech), 20 U RNase
inhibitor (TOYOBO) and 25 U reverse transcriptase
(TOYOBO).  The reaction mixture was incubated at 42
C for 30 min followed by incubation at 94 C for 5 min
to stop the reaction.  PCR assays were carried out using
specific primers for ORF 62, specific primers for the
intergenic region and specific primers for ORF 63
(Table 2).  cDNA amplification was performed by 30
cycles consisting of 94 C denaturation for 30 sec, 62 C
annealing for 30 sec and 72 C extension for 30 sec fol-
lowed by final extension at 72 C for 5 min.

Experimental infection of animals.  Five-week-old
specific pathogen-free (SPF) female BALB/c mice
(SLC, Japan) and 3-week-old SPF male Syrian ham-
sters (SLC) were used in this study.  Food and water
were freely available during the course of the experi-
ment.  The mice and hamsters were observed for 3 days
before the experiment.  Animals were anesthetized by
2.5 mg/head of ketamine hydrochloride (Sankyo,
Japan).  All experiments were conducted under the
guidelines for animal experiments in Gifu University
with certification by the committee of Faculty of
Applied Biological Sciences, Gifu University.

Mice were inoculated intranasally with 1�107 pfu/50
µl of MEM per animal.  Body weight and clinical signs
were monitored twice a day.  Mice inoculated with
viruses were euthanized by using an intraperitoneal
injection of an excess amount of sodium pentobarbital.
For virus isolation and DNA detection, lungs, spleen,
liver and brain of two mice from each group were used.
Tissues were homogenized in MEM at 10% (w/v).  The
homogenate was centrifuged at 3,000 rpm for 10 min to
remove the cellular debris.  Supernatant was serially 10-
fold diluted in MEM and inoculated onto a confluent
MDBK monolayer in 24-well plates.  Virus titers were
determined by plaque assay.  The limit of virus detec-
tion in the organ homogenates was 2�102 pfu per gram
of mice organs.

For virus DNA detection in mice organs, DNA was
extracted with a Sepagene kit (Sanko Junyaku, Japan).
DNA was detected by using primers for the glycoprotein
B gene according to Kirisawa et al. (13).

Hamsters were divided into 9 groups (4 animals per
group) and were intranasally inoculated with 50 µl (per

835GROWTH AND VIRULENCE ALTERATIONS OF EQUINE HERPESVIRUS 1



animal) containing different amounts of virus.  Body
weight and clinical signs were monitored twice a day.
All animals were sacrificed at 15 days post-infection by
injection of an excess amount of sodium pentobarbital.
Blood samples were collected by heart puncture for
serological examination.

Antibody was assayed by indirect fluorescent anti-
body technique as follows.  MDBK cells were infected
with viruses in 24-well microscope slides and incubated
at 37 C for 10–12 hr.  The fluid media was aspirated
and the slides were dried for 10 min and then fixed with
acetone for 10 min.  Twenty-five microliters of twofold
dilutions of hamster sera were added to the cells.  The
cells were incubated for 1 hr at 37 C and then washed

three times with PBS for 5 min.  Twenty-five micro-
liters of fluorescein-conjugated anti-hamster
immunoglobulin G (IgG) monoclonal antibody (ICN
Biomedicals, Inc., Japan) solution was placed on each
well.  Slides were incubated for 1 hr at 37 C, washed 3
times with PBS and once with distilled water, dried in
air, and mounted in buffered glycerol.  The antibody
titration was determined under fluorescent microscopy.

Results

Nucleotide Sequence of the Intergenic Region between
ORF 62 and ORF 63 in EHV-1 Isolates

The nucleotide sequence of the 2.2 kbp containing
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Fig. 2. Multiple alignments of the nucleotide sequences of the non-coding region between ORF 62 and ORF 63. This region was divid-
ed into four domains. C: Two conserved domains among all EHV-1 isolates. The first conserved domain corresponded to the
nucleotides 108803 to 108946 of the Ab4p genome. The second conserved domain corresponded to the nucleotides 109551 to 110285
of the Ab4p genome. V: Two variable domains which contain insertion, deletion mutations, in addition to base substitutions among the
isolates. The first variable domain corresponded to the nucleotides 108947 to 109550 of the Ab4p genome. The second variable
domain corresponded to the nucleotides 110286 to 110385 of the Ab4p genome. The variable domains contain insertion and deletion
mutations. Insertion mutations are mainly 18-bp sequence repeats. The copy number of this repeat is different among the isolates. lacZ
insertion by Csellner et al. (1998) was at the nucleotide 109530 of the HVS25A genome as indicated in the figure. �, 18-bp sequence
repeat; |, base substitution; (  ), deletion.



the intergenic region between ORF 62 and ORF 63 of
six EHV-1 field isolates showed four domains in this
region.  The first domain corresponding to nucleotide
numbers 108803 to108945 in the Ab4p genome was
conserved among all EHV-1 isolates examined (Fig. 2).
The second domain corresponding to nucleotide num-
bers 108946 to 109550 in the Ab4p genome was vari-
able among the isolates.  This domain contained inser-
tions and deletions compared to Ab4p.  The insertion
was mainly 18-bp sequence repeats.  The number of the
repeats was variable among the isolates (Fig. 2).  The
third domain corresponding to nucleotide numbers
109551 to 110286 in the Ab4p genome was conserved.
The fourth domain corresponding to nucleotide num-
bers 110287 to 110385 in the Ab4p genome was vari-
able.  The variable regions showed base variation
among the isolates (Fig. 2).

Construction of Recombinant Viruses
The GFP expression cassette flanked by two loxP

sequences was inserted into the large intergenic region

in the viral genome (Fig. 1) in order to determine the
roles of this region in the virus life cycle.  The targeted
insertion site was inside the 1,584-bp intergenic space
located between ORF 62 and ORF 63, specifically
between nucleotides 110055 and 110056 of the Ab4p
genome (Fig. 1).  EHV-1 Ab4p was inoculated into
MDBK cells.  The infected MDBK cells were transfect-
ed with the recombinant plasmid (pEGr) where the
homologous recombination occurred.  After three
rounds of selection and plaque purification, one recom-
binant virus was cloned and designated Ab4-GFP.  A
loxP-containing mutant was also constructed by exci-
sion of the GFP expression cassette from the viral
genome using cre recombination.  The cloned virus
without the GFP was designated as Ab4-loxP.

In Vitro Growth Kinetics of the Recombinant Viruses
Growth kinetics and plaque sizes of Ab4-GFP and

Ab4-loxP were compared to those of Ab4p in MDBK
cells in order to determine whether the insertion of GFP
and the presence of a loxP sequence in the intergenic
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Fig. 3. Multi-step growth kinetics of Ab4p, Ab4-GFP and Ab4-loxP in MDBK cells. Kinetics of virus growth is depicted as virus titer
determined in the extracellular (A) and intracellular (B) solutions. MDBK cells were infected with the various viruses at an MOI of 1 for
90 min at 37 C. Infected cells were washed and incubated with fresh medium. At the indicated times after infection, extracellular and
intracellular virus titers were determined by titration on MDBK cells and are expressed as plaque-forming units (pfu). The extracellular
and intracellular virus titers of Ab4-GFP were significantly lower than those of Ab4p and Ab4-loxP. The experiment was repeated 3
times. *P�0.05.



region between ORF 62 and ORF 63 had any effect on
viral growth in vitro. In multi-step growth kinetics, the
growth patterns of Ab4p and Ab4-loxP were similar.
The extracellular and intracellular virus titers of Ab4p
and Ab4-loxP reached their peak values at 40 and 32 hr
post-inoculation, respectively (Fig. 3).  On the other
hand, both the extracellular and intracellular titers of
Ab4-GFP were lower than those of Ab4p and Ab4-
loxP.  The peak extracellular and intracellular titers of
Ab4-GFP were observed at 40 hr post-inoculation (Fig.
3).  The peak titer of Ab4-GFP was significantly
(P�0.05) lower than those of Ab4p and Ab4-loxP.

The average (n�100) plaque size of Ab4-GFP (2.45
mm2) was significantly smaller (P�0.05) than those of
Ab4p (2.85 mm2) and Ab4-loxP (2.90 mm2) in MDBK
cells 3 days post-inoculation (Fig. 4).

RNA transcripts were investigated using specific
primers, RNA-F1, RNA-R1, RNA-F2, RNA-R2, RNA-
F3 and RNA-R3, for the intergenic region of recombi-
nants and wild-type virus.  No transcript for this region
was detected in infected MDBK cells.  The transcripts

of ORF 62 and ORF 63 were detected by RT-PCR
using specific primers, RNA-F4, RNA-R4, RNA-F5
and RNA-R5.  No difference was found in the tran-
scription of these genes among recombinants and wild-
type virus.

Virulence of the Recombinant Viruses in Animal Models
The pathogenicity and virulence of the recombinant

viruses were analyzed in murine and hamster models.
All mice that were inoculated with the viruses showed
less activity, ruffled fur, hunched posture and increased
respiration rates.  These symptoms started from the 2nd
day post-inoculation in whole groups of mice.  Symp-
toms disappeared by the 4th day post-inoculation in the
Ab4-GFP-inoculated group and by the 5th day in the
Ab4p- and Ab4-loxP-inoculated groups.  Body weight
loss was observed in all groups from the 2nd day post-
inoculation until the 5th day in the Ab4-GFP-inoculated
group and from the 2nd day post-inoculation until the
7th day in the Ab4p- and Ab4-loxP-inoculated groups.
The Ab4p- and Ab4-loxP-inoculated groups did not
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Fig. 4. Plaque size measurement of Ab4p, Ab4-GFP and Ab4-loxP. (A) The plaque size in MDBK cells at 3 days post-
inoculation stained by crystal violet. (B) Average plaque sizes of 100 randomly selected plaques of the 3 viruses. The
plaques formed by Ab4-GFP were significantly smaller than those formed by Ab4p and Ab4-loxP (P�0.05).



reach the pre-inoculation weight until the end of the
observation period (Fig. 5).

Viruses were consistently recovered from lungs from
the 1st day till the 6th day post-infection of mice inocu-

lated with Ab4p and Ab4-loxP.  On the other hand, in
the Ab4-GFP-inoculated mice, the virus was recovered
from lungs from the 2nd day till the 4th day post-inocu-
lation.  Viruses were occasionally recovered from liver
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Fig. 5. Mice body weight gain after inoculation with Ab4p, Ab4-GFP and Ab4-loxP. Mice inoculated with Ab4p and
Ab4-loxP experienced severe weight loss. Mice inoculated with Ab4-GFP experienced a transient weight loss.

Table 3. Virus titration and DNA detection in mice organs after inoculation of Ab4p, Ab4-GFP and Ab4-loxP

Days post-inoculation
Virus Organ

0 1 2 3 4 5 6 7 8 9 10

Ab4p Brain �/�* �**/� 1�104/� 6�104/� �/� �/� �/� �/� �/� �/� �/�
Lungs �/� 1�104/� 6�105/� 8�108/� 1�107/� 6�104/� 1�104/� �/� �/� �/� �/�
Liver �/� 2�104/� 1�105/� �/� �/� �/� �/� �/� �/� �/� �/�
Spleen �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�

Ab4-GFP Brain �/� �/� 3�104/� �/� �/� �/� �/� �/� �/� �/� �/�
Lungs �/� �/� 2�104/� 1�107/� 1�105/� �/� �/� �/� �/� �/� �/�
Liver �/� �/� 1�104/� �/� �/� �/� �/� �/� �/� �/� �/�
Spleen �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�

Ab4-loxP Brain �/� �/� 1�104/� 2�105/� �/� �/� �/� �/� �/� �/� �/�
Lungs �/� 1�104/� 1�105/� 6�108/� 6�106/� 2�104/� �/� �/� �/� �/� �/�
Liver �/� 2�103/� 1�105/� �/� �/� �/� �/� �/� �/� �/� �/�
Spleen �/� �/� �/� �/� �/� �/� �/� �/� �/� �/� �/�

*: Virus titration/DNA detection. **: Titration less than 2�102 pfu/g of organ. �: Virus DNA was not detected. �: Virus DNA
was detected.



and brain of mice inoculated with Ab4p and Ab4-loxP
from the 1st day till the 3rd day post-inoculation and
only in the 2nd day post-inoculation in the Ab4-GFP-
inoculated mice (Table 3).  Virus DNA was detected in
lungs of mice inoculated with Ab4p and Ab4-loxP from
the 1st day post-inoculation till the 9th day, and from the
1st day till the 7th day post-inoculation in the Ab4-
GFP-inoculated mice.  No virus DNA was detected in
the spleens of Ab4-GFP-inoculated mice (Table 3).

All hamsters inoculated with Ab4p and Ab4-loxP
showed severe nervous manifestations, namely restless-
ness, incoordination and fighting with each other and
aggressiveness, and finally lethargy which started from
the 3rd day post-infection and persisted until the end of
the experiment.  Furthermore, severe weight loss was
shown from the 3rd day of the experiment.  Two Ab4p-
infected hamsters and two Ab4-loxP-infected hamsters
started to gain body weight at the 9th day post-infection.

In contrast, nervous signs were mild and started in
two hamsters from the 4th day post-infection and then
gradually appeared in all groups of hamsters inoculated
with Ab4-GFP.  The nervous signs disappeared in most
of the hamsters before the end of the experiment.  Fur-
thermore, body weight loss was mild and started at the
4th and 5th days post-infection and most of the animals
regained their body weight before the end of the experi-
ment (Fig. 6 and Table 4).  There was no significant dif-
ference in the antibody titers of the hamster sera.

Discussion

Sequence comparison revealed that the non-coding
region between ORFs 62 and 63 consisted of conserved
and variable domains.  We inserted the GFP cassette at
1,254 bp upstream from the initiating codon of ORF 62
and 330 bp downstream from the termination of ORF 63

840 E.S.M. IBRAHIM ET AL

Fig. 6. Hamster body weight gain after intranasal inoculation of Ab4p, Ab4-GFP and Ab4-loxP. The weight loss of the
Ab4-GFP-inoculated groups was mild and most animals regained their original weight before the end of the experiment.

Table 4. The nervous signs of hamsters after inoculation of Ab4p, Ab4-GFP and Ab4-loxP

Days post-inoculation
Virus Dose (pfu)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

5�102 � � � � � � � � � � � � � � �
Ab4p 5�103 � � � � � � � � � � � � � � �

5�104 � � � � � � � � � � � � � � �
5�102 � � � � � � � � � � � � � � �

Ab4-GFP 5�103 � � � � � � � � � � � � � � �
5�104 � � � � � � � � � � � � � � �
5�102 � � � � � � � � � � � � � � �

Ab4-loxP 5�103 � � � � � � � � � � � � � � �
5�104 � � � � � � � � � � � � � � �

�: No nervous signs. �: Mild nervous signs. �: Severe nervous signs.



which is within a conserved region.  The insertion
mutant Ab4p-GFP formed smaller plaques and replicat-
ed less in MDBK cells than did Ab4p and Ab4-loxP.
The virulence of the recombinant Ab4-GFP was also
weaker in mice and hamsters.  Construction of GFP-
expressing viral mutants without any changes in the
virus characters has been widely used (4, 8, 9).  The
present RT-PCR results showed that neither ORF 62 nor
ORF 63 expression was affected by insertion of GFP.
However, the insertion of the DNA fragment in the con-
served domain reduced viral virulence.  On the other
hand, the virus containing only loxP exhibited the same
virulence as the wild type.  These results indicated that
the length of the insert might be one of the factors that
affect the virulence of the virus.

The variable domains contained 18-bp repeated
sequences, base insertions and deletions, in addition to
base variation among the isolates.  The copy number of
these repeats varied among the isolates.  Csellner et al.
(7) constructed a mutant virus by insertion of a lacZ
gene at 720 bp upstream from the initiating codon for
ORF 62 and 850 bp downstream from the termination of
ORF 63 of the EHV-1 HVS25A strain, which corre-
sponds to the variable domain.  They concluded that the
recombinant virus exhibited the same virulence as the
wild type in mice.  They also concluded that neither
ORF 62 nor ORF 63 expression was affected by the
insertion.  Pagmajav et al. (manuscript in preparation) in
our laboratory found one EHV-1 isolate from cattle that
had a 0.8-kb deletion and a stretch of sequence repeats
in the area where Csellner et al. (7) had inserted a lacZ
fragment.  These data suggest that this variable region is
non-functional.

Our animal experiments in the present study revealed
that Ab4-GFP had reduced virulence.  The histopatho-
logical examinations showed that the pathological
changes in the brain of the Ab4-GFP-inoculated mice
were similar to those in the brain of the Ab4p-inoculated
mice.  However, the intensity of the lesions in the brain
of the Ab4-GFP-inoculated mice was milder than that in
the brain of the Ab4p-inoculated mice.  Moreover, the
number of antigen-positive neurons of the Ab4-GFP-
inoculated mice was less than that of the Ab4p-inoculat-
ed mice (unpublished data).  These results suggest that
the reduced virulence of Ab4-GFP may be caused by
less transmission to neurons or poor replication in neu-
rons.

In conclusion, the conservation of the nucleotide
sequences along with the alteration of virological prop-
erties of Ab4-GFP suggest that the non-coding region
between ORF 62 and ORF 63 plays some roles in viral
growth.

This study was supported in part by Grants-in-Aid for Scien-
tific Research (14560264 to H.F.) from the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan and by the
Japan Racing Association.
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