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Abstract

The total nucleotide sequences of the genomes of two Japanese encephalitis virus
(JEV) strains, the attenuated vaccine strain SA,,-14-2 and its parental virulent
strain SA,, were determined by using the molecular cloning technique. The se-
quence analysis revealed that both virion RNA molecules were 10,976 nucleotides
long with 95 and 585 flanking bases at the 5’ and 3’ untranslated sequences,
respectively. A single, long open reading frame spanning 10,296 nucleotides was
observed to encode a polyprotein of 3432 amino acid residues. When these se-
quences were compared with each other, 57 nucleotide substitutions were found
to be scattered all over the genome. Of these, 24 resulted in amino acid changes
within viral proteins. Structural proteins C and E contain one and eight amino
acid changes, respectively. Of the nonstructural proteins, NS1 contains three,
NS2a two, NS2b two, NS3 four, NS4a one, NS4b one, and NS5 two amino acid
substitutions. The 5'- and 3'-terminal untranslated regions contain one- and two-
point mutations, respectively. These data and comparative studies with other
JEV strain genomes provide a molecular basis for investigating attenuation mech-
anisms of JEV.
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Introduction

Japanese encephalitis virus (JEV) is a member of the family Flaviviridae, which
includes approximately 60 viruses, many of which are of major concern in human
health. Flaviviruses are serologically related to each other and share a similar
structural feature. The genome of this small envelope virus is a single, positive-
stranded RNA of approximately 11 kb that is capped at the 5’ end and unpoly-
adenylylated at the 3’ end (1). The viral RNA has a single, long open reading
frame (ORF) of approximately 10 kb for the synthesis of a viral polyprotein. The
polyprotein is subsequently processed to form viral structural and nonstructural
proteins (2-7). Studies on the sequences of RNA and of amino acids in viral
proteins have provided a precise viral protein map (2,8-10). To date, complete
nucleotide sequences of the genomes of two different JEV strains, JaOArS982
(6) and Beijing-1 (7), have been reported, and the gene order is C-prM-E-NS1-
NS2a-NS2b-NS3-NS4a-NS4b-NS5.

Japanese encephalitis (JE) is a widespread viral disease in East, Southeast, and
South Asia. JEV that causes JE is transmitted in nature by mosquitoes that
preferentially breed in rice fields. The geographic distribution of JE dramatically
shifted between 1967 and 1970 (11). In Japan, Korea, and Taiwan, the morbidity
rates of this disease have rapidly decreased since 1967. This regional decline has
mainly been due to a combination of increased distribution of vaccine and altered
agricultural practices. On the other hand, in Vietnam, Thailand, Nepal, and India,
epidemic JE has been recognized from 1965 to 1978, and JE still continues to be
a significant public health problem in these Asian countries.

A number of cases of JE also occur in most provinces in China (12). Since the
revolution in 1949, many studies have been carried out on the epidemiology of
JE and the development of the vaccines. Inactivated JE vaccines were prepared
from infected primary hamster kidney cell cultures (PHK) (12). Live-attenuated
JE vaccines were later prepared for the attainment of higher protection against
this disease. The attenuated vaccine strain SA,,-14-2 was recognized to be most
effective of these (13). This vaccine strain was derived from the virulent virus
SA,, by multiple passages, mainly through PHK cells (12). In 1987, more than
500,000 children were inoculated with this live vaccine. The results indicated that
the attenuated live vaccine was effective in promoting an immune response in
recipients, with no side effects. Sometimes, seroconversion rates were more than
90% after administrating only one dose of the attenuated vaccine (13). The live
vaccine SA,,-14-2 is now being used effectively to prevent JE in China. However,
the mechanism that is responsible for the attenuation is totally unknown at
present.

As a first effort to give an insight into the molecular basis for the biological
differences between the virulent and attenuated JEV strains, we determined the
total primary nucleotide sequences of the genomes of the virulent SA, and atten-
uated SA ,-14-2 strains. We report here the complete 10,976-nucleotide sequence
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of the JEV genomes and the mutation sites, which were identified by comparing
the nucleotide sequences with each other.

Materials and Methods
Cells and viruses

BHK-21 cells were maintained in Eagle’s minimum essential medium (MEM)
supplemented with 5% calf serum (CS) and 0.3% tryptose phosphate broth (TPB).
Monolayer-cultured C6/36 were maintained at 27°C in MEM containing heat-
inactivated 10% fetal calf serum (FCS) and seven nonessential amino acids at a
concentration of 0.2 mM each (14).

JEV live attenuated vaccine strain SA,-14-2 was isolated by Yu Yong-Xin
et al. (15) according to the attenuation processes shown in Table 1. The parental
virulent virus SA,, was obtained from a pool of larvae of Culex pipiens mosqui-
toes by 11 serial passages in mouse brain.

Plaque assays

To measure virus titers, monolayers of BHK-21 cells in 60-mm plastic dishes
were washed twice with MEM containing 0.3% TPB, covered with 0.5 ml of a
virus solution (a dilution of the virus stock), and kept at room temperature for 20
min. After incubation at 37°C for 20 min, the cells were washed twice with MEM
with 0.3% TPB and then covered with the same medium containing 1% agarose
and 5% CS. After 7 days of incubation at 37°C, plaques were visualized by stain-
ing cells with 3 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

Table 1. Processes of JEV attenuation

JEV Attenuation process Size of plaques?
SA,, (parent) Large
PHKC o 100 passages of SA,, in PHK cells Large and small
Clone 12-1-7 3 plaque purifications of a small plaque variant of Small
PHKC,y
Clone 9-7 7 plaque purifications with 1 mouse intraperitoneal Small
passage and 1 mouse subcutaneous passage of clone
12-1-7
Clone 5-3 6 hamster oral passages of clone 9-7, and 2 plaque Small
purifications
Clone 14-2 5 suckling mouse subcutaneous passages followed by Small

2 plaque purifications

2 Plaque size was examined using LLC-MK2, chick embryo, or BHK-21 cells.
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mide (MTT) (Sigma) in 0.15 M NacCl at 37°C for 1 hr or crystal violet, as pre-
viously described (see ref. 19). In some cases, African green monkey kidney cells
were also employed to measure virus titers (16).

Virus growth

The seed viruses prepared by plaque purification of SA |, and SA ;-14-2 viruses
in BHK-21 cells were inoculated to microcarrier-cultured C6/36 cells using Cyto-
dex 1 (Pharmacia), and 3 Is of infected fluid were harvested on each day from the
second to fifth day of the culture, as described by Sumiyoshi et al. (6), and
the viruses derived from SA,, and SA,,-14-2 were designated SA(V) and SA(A),
respectively, and used in this study.

Mouse neurovirulence test

Each mouse (ddY strain) was inoculated with 30 pl of virus solution intracere-
brally. Mice were observed every 12 hr for clinical symptoms and death up to 21
days.

Preparation of virion RNA

The infected fluid (3 1Is) was filtered through a paper (Toyo filter paper 24CM2)
and centrifuged at 8000 rpm for 20 min at 4°C in a Hitachi RR10A rotor. The
supernatant was added with polyethylene glycol 6000 and NaCl to final concentra-
tions of 6% and 0.5 M, respectively, kept at 4°C overnight, and centrifuged at
8000 rpm for 20 min at 4°C. The pellet was suspended in 30 ml STE buffer
containing 0.1 M NaCl; 10 mM Tris-HCI, pH 7.4; 1 mM EDTA; and centrifuged
at 15,000 rpm for 15 min at 4°C in a Beckman type 45Ti rotor. JEV was pelleted
from the supernatant by centrifugation at 30,000 rpm for 3 hr at 4°C in a Beckman
type 45Ti rotor. The pellet was suspended in a small volume of STE buffer and
extracted with NaDodSO,-phenol. Virion RNA was precipitated with ethanol
from the aqueous phase,

Molecular cloning and sequencing

Single-stranded ¢cDNA of the JEV genome was synthesized using avian myelo-
blastosis virus reverse transcriptase and a 16-nucleotide synthetic DNA primer
corresponding to the consensus sequence, including the terminal base at the 3’
end of JEV genome (6,7). Double-stranded cDNA was then prepared according
to the method of Gubler and Hoffman (17) using a cDNA synthesis kit (Amer-
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sham). The cDNAs were treated with T4 DNA polymerase to make blunt ends,
digested with appropriate restriction enzymes, and then ligated to cloning vector
pUCI18 or pUC19, which had been treated with the same restriction enzymes as
used for digesting cDNAs and/or Smal or Hincll for blunt-end ligations. Esche-
richia coli strain SCS-1 was transformed with the recombinant plasmids, and
transformants carrying JEV cDNAs were selected by hybridization using various
cDNAs of JaOArS982 (6) and Beijing-1 (7) as probes.

Cloned DN As were subcloned into the appropriate sites of pUC118 or pUC119,
and the nucleotide sequences were determined by the dideoxy termination
method (18) using the Sequenase sequencing kit (United States Biochemical Co-
operation) with M13 primers or synthetic oligonucleotides corresponding to the
appropriate sites of the genome. In some cases, the nucleotide sequences of virion
RNAs were directly determined using synthetic oligonucleotides as primers, ac-
cording to the dideoxy method reported previously (19).

Results
JEV strains and their biological differences

The passage history to obtain JE vaccine strain SA ,-14-2 is shown in Table 1.
When the parent SA, that showed the large-plaque phenotype was passaged 100
times in PHK cells, small-plaque variants were generated in the virus preparation.
After nine plaque purifications in primary-cultured chick embryo (CE) cells and
two plaque purifications in PHK cells of a small-plaque variant, an attenuated
clone SA ,-5-3 was obtained. Five passages of the clone SA,,-5-3 in subcutaneous
tissue of suckling mice followed by two plaque purifications in PHK cells resulted
in the selection of the SA-14-2 strain. The latter clone was immunogeni-
cally superior to the former clone, SA,,-5-3 (13). Thus, the attenuated JE vaccine
SA,;-14-2 is a JEV strain that is adapted to PHK cells, and therefore it grows
much more efficiently than the parental virulent SA;, in PHK cells (data not
shown). However, the SA ,-14-2 strain displays smaller plaques in LLC-MK2,
CE, and BHK-21 cells than the parent SA,, virus (Table 1, Fig. 1).

Both the wild and attenuated strains were plaque purified in BHK cells, and
then viruses were grown in insect cells (C6/36) for use in this study. Here, viruses
that were derived from SA,, and SA,,-14-2 viruses are designated SA(V) and
SA(A), respectively, as described in Materials and Methods. The size of the
plaques of these viruses displayed on BHK-21 monolayer cells were examined
(Fig. 1). The result suggests that the plaque-size phenotypes did not change during
plaque purification in BHK-21 cells and propagation in C6/36 cells. Furthermore,
mouse neurovirulence tests on plaque-purified viruses were performed by intrace-
rebrally injecting the viruses into suckling, 2-week-old and 4-week-old ddY mice
to confirm that their neurovirulence phenotypes were also unchanged (Table 2).
One PFU of virus SA(V) seemed to be enough for 4-week-old mice to die of
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Fig. 1. Plaques displayed on monolayers of BHK-21 cells. The virulent SA, virus and attenuated
SA,,-14-2 were plaque purified in BHK-21 cells and propagated in C6/36 cells, as described in Materials
and Methods. Viruses thus obtained were designated SA(V) and SA(A), respectively, in this study.
Plaques of viruses SA;, (A), SA(V) (B), SA,-14-2 (C), and SA(A) (D) displayed on BHK-21 cells
were stained with crystal violet and are shown in this figure.

Table 2. Mouse neurovirulence tests with intracerebral route

SA(A)

SAY) Suckling
Amount of -
virus (PFU) 4 week old 4 week old 2 week old Ist exp.© 2nd exp.
107 0/10* ND® ND ND ND
108 0/10 10/10 10/10 0/31 0/16
10 0/10 ND 10/10 ND 0/8
10* 0/10 ND 10/10 ND 0/8
10° 0/10 ND ND ND ND
10? 0/10 ND ND ND ND
10! 0/10 ND ND ND ND
10° 5/10 ND ND ND ND

107! 10/10 ND ND ND ND

2 Number of survival mice/number of mice inoculated with virus.
b Experiment was not done.
¢ Experiment.
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encephalitis, while 2- or 4-week-old mice injected with 10° PFU of virus SA(A)
did not develop any clinical symptoms, and only suckling mice were sensitive to
virus SA(A) (Table 2). Thus, viruses SA(V) and SA(A) appear to have biological
properties that are characteristic of viruses SA,, and SA,-14-2, respectively.

Cloning and sequencing experiments

Double-stranded cDNAs were prepared from virion RNAs, as described in Mate-
rials and Methods, and digested with appropriate restriction enzymes selected by
taking the previously determined nucleotide sequences of JEV genomes (6,7) into
consideration. DNA fragments thus obtained are joined to cloning vector pUC18
or pUCI19 and replicated in competent E. coli. Map positions of the JEV-cDNAs
were determined by hybridization with specific DNA probes prepared from
cDNAs of other JEV genomes (6,7) or by distribution of cleavage sites of restric-
tion enzymes. Thus all cDNA clones selected were physically mapped and the
main clones used for sequencing are shown in Fig. 2. Assembly of cDNA clones
covers all of the genome except the short stretch at the 5’ terminal region.
Approximately 50 kinds of synthetic DNA primers were synthesized with each
200-nucleotide distance for sequencing cDNAs and virion RN As. Primer exten-

Length of Nucleotide (kb)
Q_t 2 3 4 5 6 7 8 9 11

A, sawv)
5 3’ virion RNA
Hp B Y 4y cona
-8 VHC-1
®¢ VH 8. VH-14
VH-2
o8 VH-10
*—e VH-9
&———e VH-3
*—e VH-4
o—— VHC-22
B. sa)
5 3" virion RNA
HH HB H HH
4 X1 ) ¥t cDNA
e AH-27
——— AS-1
———— & AH-16
—0 AB-5
AB-4

t————@ AH-8
&——— AH-24, AHC-7

Fig. 2. (A) Restriction cleavage sites on SA(V) and (B) SA(A) cDNAs and the cDNA clones obtained.
H and B represent restriction cleavage sites for HindIII and BamH]1, respectively. HindI1l and BamH1
cleavage sites used for molecular cloning are indicated by closed circles and open circles, respectively,
at the ends of cDNA clones. Other ends of cDNAs appear to be connected with vector DNA by
blunt-end ligations. The length of nucleotides from the corresponding 5’ terminus of the JEV genome
is shown in kilobases at the top of the figure.
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sion reactions were carried out to determine the nucleotide sequences of cDNAs
and RNAs, as described in Materials and Methods. The primer extension method
was also employed for sequencing the genome region close to the 5’ terminus,
where sequence was not contained in the cloned cDNAs. Nucleotide sequences
thus obtained were combined with the aid of reference nucleotide sequences of
the genomes of JaOArS982 (6) and the Beijing-1 (7) strains. Thus, the total nucleo-
tide sequences of both the SA(V) and SA(A) genomes were determined, except
for two nucleotides at the 5’ terminus, which were difficult to identify by the
primer extension method only (6,7), and 16 nucleotides at the 3’ terminus whose
sequence was included in the synthetic oligonucleotide primer used for the re-
verse transcription. The nucleotide sequence of the SA(A) genome and the de-
duced amino acid sequence are shown in Fig. 3. A single ORF spanning 10,296
nucleotides encoding a polyprotein of 3432 amino acid residues is observed,
flanked by 95 bases at the 5' end and 585 bases at the 3’ end. The genome
organization indicated in Fig. 3 follows those of the yellow fever virus (YFV)
genome reported by Rice et al. (2) and Chambers et al. (10), and the Kunjin virus
genome reported by Speight et al. (8,9).

Comparative sequence analysis

The nucleotide sequence of the attenuated strain SA(A) was compared with that
of the parent SA(V) by computer analysis, and genetic variations that occurred
during attenuation processes were identified. As a result, 57 nucleotide substitu-
tions were found to disperse all over the genome (Table 3). Of these, 24 are
amino-acid changes and the rest are silent mutations. As shown in Table 3, many
missense mutations are located in viral envelope protein E, although every viral
protein, except prM, contains missense mutation(s). Many base substitutions in
the genome regions encoding NS2a, NS4b, and a putative viral replicase NS5
occurred in the third letter position of the in-phase codons (Table 3). This resulted
in a low frequency of amino acid changes in these coding regions. This result
may indicate that conservation of amino acid sequences of these portions of the
nonstructural proteins is more important for JEV replication than conservation
of those of the viral envelope protein.

Comparative sequence study was also performed on nucleotide sequences of
four different JEV strains, JaOArS982, Beijing-1, SA(V), and SA(A). It should

Fig. 3. Nucleotide sequence of the genome of SA(A) and the predicted amino acid sequences of viral
polyproteins. The RNA sequence deduced from the corresponding cDNA sequence is shown. The
genome organization indicated here follows those of the YFV genome reported by Rice et al. (2) and
Chambers et al. (10), and of the Kunjin virus genome by Speight et al. (8,9). Two bases at the 5’
terminus are not identified and follow the previously determined nucleotide sequence of JEV genomes
(6,7). The sequence of 16 nucleotides at the 3’ terminus also follows the previous data (6,7), and
synthetic oligonucleotide of this sequence was used as a primer for the synthesis of the cDNA, as
described in Materials and Methods.
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2985 995 05 3 5 025 3035 3045 3055 3065 3075 3085 3095
GUGUGGCUGAAAAUUAGAGAGGAGAGCACUGACGAGUGUGAUGGAGCGAUCAUAGGCACGGCUGUCAAAGGACAUGUGGCAFUCCAUAGUGACUUGUCGUACUGGAUUGAGAGUCGCUAC

D C D 6 A I I G T A VvV K G E V A V H 8 D L §

k)l 1 31 3145 3155 3165 3175 3185 3195 3 321

AACGACACAUGGAAACUUGAGAGGGCAGUCUUUGGAGAGGUCAAAUCUUGCACUUGGCCAGAuACP\CACACCCUUUGGGGAGAUGAUGUUGAGGAAAGUGAACUCAUCAUUCCGCACACC
A V F E vV K §$ ¢ T W P E T H T L W G D D V E

3 5 33 32 32 3265 3275 3285 3295 3305 331 33 333

AUAGCCGGAELAAAAAGCAAGCACAAUCGGAGGGAAGGGUAUAAGACACkAAACCAGGGACCUJGGGAUCAGAAUGGCAUAGUCUUGGACUUUGAUUAUUGCCCAGGGACAAAAGUC&CC
I & G P K S K B N R R E G Y K T @ N Q P ¥ DE NG I VYV L D F D Y C P T

334 3365 3375 3385 3395 3405 3415 3425 3435 3445 31.55
AUUACAGAGGAUUGUAGCAAGAGAGGCCCUUCGGUCAGAbQCACUACUGACAGUGGAAAGbUGAUCACUGACUGGUGCUGUCGCAGUUGCUCCCUUCCGCCCCUACGAUUCCGGACAGAA
R T T D s G K L I T D W C CR S C 8 L P R

34 é 34 34 3 3515 3525 NS2a 5 3575
AAUGGCUGCUGGUACGGAAUGGAAAUCAGACCUGUUAUCCAUGAUGAAACAACACUCGUCAGAUCACAGGUUCAUGCLF!TCAAAGGUCAAAUGGUUGACCCUUUUCAGCUGGGCCUUCUG
N Y ¢ M E T R P VvV M H D ETT L V R 8§ Q VvV D alF K G E M V 4 Q G L

3595 605 615 625 35 3645 365 3665 3675 3685 3695
GUGAUGUUUCUGGCCACCCAGGAAGUCCUUCGCAAGAGGUGGACGGCCAGAUUFACCAUUCCUGCGUUUUUGGGGGUCCUACUUGUGLUGAUGCUUGGGGGUAUCACUUACACUGAUUUG
M R K R W U A R L T I P oA V L ¢ Vv L L VL ¥ L GG IT Y T D L
3705 3715 3725 3735 3745 37 3785 795 38 15
GCGAGGUAUGUGGUuCUAGUCGCUGCUGCUUUCGCAGAGGCCAACAGUGGAGGAGACGUCFUGCACCUUGCUUUCAUUGCUGUUUUUAAGAUCCAACCAGCAUUUUUAGUGAUGAACAUG
A R Y V E N S 6 6 D Vv L H L A L I A VvV F K I Q
38 35 3 5 3865 3875 3885 3895 3905 3915 3925 3935
CUUAGCAPGAGAUG&ACFAACCRAGAAAACGUGGUUPUGGUCCUAGGGGCUGCCUUUUUCCAAUUGGCCUCAGUAGAUCUGCAAAUAGGAGUCCACGGAAUCCUGAAUGCCGCUGCUAUA
L s 1T R WTNGQENUV V L V L G & A F F Q 5 & v Q vV H G L A A 2

Fig. 3.



104 AIHARA ET AL.

3945 395 965 2975 3985 3995 4005 40 40 4045 4055
GCAUGGAUGAUUGUCCGAGCGAUCACCUUCFCCACAACCUCCULCuUCACCAUGLCAGUCUUAGCGCUUCUAACUCCGGGGAUGAGGGCUCUAUACCUAGACACUUACAGAAUCAUCCUC
v A I F U s v L & L L U ¢ M R &4 L ¥ L D U ¥ R I I L

40 65 40 85 z. 95 AHS 4125 1.135 4145 4155 4165 4175

CUCGUCAUAGGGAUUUGCUCCCUGCUGCACGAGAGGAAAAAGACCAUuGCGAAAAAGAAAGGAGCLGUACUCUUGGGCUUAGCGCUCACAUCCACUGGAUGGUUFUCGCCCACCACUAUA
I L Q E R K K U M A K K G A V L L 6L 4 L U S 7 6GWF § P U UI

185 1 5 A2O 225 jS 24 425 265 27 428 4295
GCUGCCGGACUAAUGGUCUGCAACCCAAACAAGAAGAG GGUGGFCAGCUACUGAGUUUUUuUCGGFAu“UGGAUUGAUGUUUGCCﬂUCGUAGuUGGUUUGGCCGAGUUGGAUAUUGAA
A A G L M V C N P N K X RIG W P A 0 E F L S 4 V 6 L M F a4 I VvV G G L & E L D I E

4305 4315 4325 4335 4345 4355 4365 4375 4385 4395 4405 4415
UCCAUGUCAAUACCCUUCAUGCUGGCAGGUCUCAUGGCAGUGUCCUACGUGGUGUCAGGAAAAGCAACAGAVAUSUGGCUUGAACGGGCCGCCGACAUCAGCUGGGAUAUGGGUGCUGCA
5§ M 5 I P F M L A G L M A V s Y vv s G kK A U DM ¥ L ER A a4 D I 5 W DM G A A

4425 435 4445 4465 4475 4485 4495 4505 15 4525
AUCACAGGAAGCAGUCGGAGGCUGGAUGUGAAACUGGAUGAUGACC-uAGAUL'UUCACUUFAUHuAUGAUCCFGL.UFUUCCAUGL‘AAGDUCUUGCUV‘CUGCGCAUGUCUUGCAUUGGCUUA
I U G g 8 R R L D v K L D DD CGDFSHK L I DODEFP GV P WKV WV L RMSCI G L

4545 55 565 75 4585 4595 4605 S3 4625 46 1645 4655
GCCGCCCUCACGCCUUGuGCbAUCGUUCCCCCLGCUUU GGUUARUUGGCUCACUUUAAAAACAACAAAAAGAGGGGGCGUGUUNUGGGACACGCCAUCCCCAAAACCUUGCUCAAAAGGA
A L U P W & I VvV P A A& F G Y W L U L K U U K RIG G V F W D U P & P K P C S K G

4665 4675 4685 4695 4705 4715 4725 4735 4745 47355 4765 4775
CACACCACUACAGGAGUCUACCGAAJUAbiCbAGAuGGAUUCUUGGCACUUAFTAGhuC GCGUCuFAGUuAU UALGA”AAUGUUUUCCACACACUAUGFCACACAACUAGAGGAGCA
R M A R G I G U Y ¢ A G V GV v E 8 V F H U L W H 0 U R G

A 95 05 4815 4835 4845 55
GCCAUUGUGkGUGGAGAAuGAAAAUhGACGCCAUACJGGuGUAGUuUGAAA;AAGACCGLAUAG UJACGGAGGC<TALGGA Gu U”ACCGAAAAUFGAAUGGAACAGAUGACGUGCAA
A I V 8§ & E G K L U P ¥ W G 8§ V K E D R I A Y & G P W R F D B K W N ¢ U D D V Q

4865 4875 48 495

4905 91 4925 4935 4955 965 497 4985 4995 5005 5015
GUGAUCGUEGUAGAACCGuGGAAbGGCGCAGUAAACAUCCAGACAAAACFAuGAGJ UUUCuGACUCCCUUCGGGGAGGUUGGGGCUuUUAGUCUGGAUUACCCGCGAGGAACAUCCGGC
I v v S v N Q v K P G Vv F R U P F & E V G A V s L DY PR G U § G
5024 50" 5 /.5 50/5 5065 5075 5085 5095 5105 5115 5125 5135
UCACCCAUUCUGGAUUCCAAUuGAGACAUUAUAGGCuUAUACGG”AAUGGAGUUGAGCUUGOCuALGGCUCAUACGUCAGCG”CAUCGUFCAG GUGACCGUCAGGAGGAACCAGUCCCA
s P I L D S N G I N E G 3 ¥ & 4 1 VvV ¢ G D R Q E E P V P

51 5 165 ‘17‘ 5 51‘45 5205 5215 5225 5235 5245 5255
GAAGCUUACACCCCAAAFAUGUU’AGAAAGAUACACAUGACUGUGCUAFAUUUGCACFLUGGUU AGGGAAAACCAGGAAAAUUCUGCCACAAAUAAUUAAGGACGCUAUCCAGCAGCGC
E &4 Y U P N M L R X R Q¥ U V L DL H P G s G K U R ¥ I L P @ I I K D & I @ Q R

5265 5275 5285 5295 53045 5315 5325 5335 5345 5355 5365 5375
CUAAGAACAGCUGUGUUGGCAFCGACGCGGGUGuUAGCAuCAGAAAU"GCAuAAGUUJUGAuAuGGCUCCCAuUAuGAUAUCAAACUJCAGCAGUGFAGAGAGAGCACCAAGGGAAUGAA
L R U A V L A P U R V V 4 E VL R G L P V R Y ¢ U S A V QR EHQ G N E

5385 5395 5405 5475 5 45 5435 5445 5455 5465 5475 5485 5495
AUAGUGGAUGUG“UGUGCCACGCCACUCUGACCCAUAUAFUGAUGULACCGAALAGAuUuCCCAACUACAACFUAUUUPUCAUuGAUGAAGCUCALUUCACCbACCCAGCCAGUAUAGCC
I v D V M C H & U L U H R L M S P N R V PoNoY L M A
5505 15 5525 5 5 ‘ 55 85 561
GCACGAGGAUACAUUGCUACCAAGGUGGAA UAGGUGA GCAGC&GCCAUu”HUAUGACAGCGACWCCGCCUGuAACCACGuAUCLUUbUCCUGACUCAAAUGCCCCAAUCCAUGAUUUG
G Y I A U XK vV E L G E A & A I F M U A U P P G U P P S N & P I
5625 5635 5645 5655 5665 5675 5685 695 57 5725 573
CAAGAUGAGAUACCAGACUGGGCAUGGAG CAOUGGAUAFuAAJuGAUCALAGAALAUuLGGGUAAAACCFUudGGUUUuUGGFGATCGUAAAAAUGGGGAAUGAGAUUGCAAUGUGCCUC
Q D E I P D W A W s 8 G Y E A5 J N E I A M C L
574 5755 5765 5775 578) ‘79‘ Sfﬁ 5815 582 58 35 845 5855
CAAAGAGCGGGGAAAAAGGUCAUCCAACUCAALCGCAA"ULCJAUGALACAGAAUACLCAAAAJ URAG AAUOGAuACJJGGAUUUUGJCAUUACCA ol ACAUCUCUGAAAUGGGGGCC
4 G K K Vv I g L N R K S ¥ D U E Y P K C K N & D M D F V 17 U D I E A
5865 5875 5885 58 5905 5915 5925 955 59
AACUUCGGUGCGAGCAGGGUCAUCuACUuUAGAAAGAGCuUOAAALCCALfAUCUUAGAAGAGGGAGAAGGCAuAGUCAUCCUFGGAAACCCAUChCCCAUAACCAGUGCAACCGCAGCU
N F & A S R I D R v £k P U 1 L E FE G E G R V I L G N P
598 599 6005 6 015 6025 /035 6045 505¢ 6065 6075 5 60! 95
CAACGGAGGGGCAGAGUAGGCAGAAACCCCAAULAAGUUUGAGALGAAUACCALUAU GGFGGGCLACCAGUbAAuAUuACAGUAACCUAGCCCAUUGGACAGAGGCAAAGAUCAUGUUA
Q¢ R R G R V C R NP N GV G DEY H Y GG AUSETDDS N L A H W U E A K I L
05 €115 6125 6135 6145 6155 6165 5175 6185 6195 6205 6215
GACAACAUACACAUGCCCAAJGGACUGGUGGCCCAuCLCUAUGaACCAGAGAGuGAAAA GCUUUCACAAUGGAUGGCGAAUACCCUCUCAGAGGUGAAGARAAGAAAAACUUCUUAGAG
D N " P N G L v A @ L Y ¢ P E R E K A F U M D I E Y R L R G E E K K N F L
6225 6233 245 w255 6265 6275 £285 £295 6305 6115 6325 6335
CUGCUUAGGALGGCJGACCUCCCuGUGUGGCUGGCCUACAAG UGGCSUCCAAUGGCAULCAGUACACCGACAGAARGUGGUGUULUGAUGGGCCGCGUACGAAUGCCAVACUGGAGGAC
L L R U A D L vV W L A Y K V A 38 N G I Q Y U D R K w ¢ F p o P R U N & I L E D

6345 6355 6365 6375 6385 6295 6405 15 6425 6435 6445 6455
AACACCGAGGUAGAUAUAGUCACCCGGAUGGGUGAGAGGAAAAUCCUCAAGZDDAGAUGGCUH ALGCAAGA&ULUAJ CAGAUCACCAGGCCCUCAAGUGGUUCAAAGACUUUGCAGCA
NUEVE[VURMGERKIIKPRWLDARVYADHQALKHFKDF‘AA

475 6485 6495 650 6515 6525 653 6545 655 6565 6575
CGGAAGAGAUCAGC GUUAGCUULAUAGAGuUGCUCGuUC AUGCCUGAGCAUUUCAUGGhAAATACG aGAAGCUUUAGACACCAUGUACUUGGUUGCAACGGCUGAGAAAGGUGGG
5 A F E

G X R v L G M P E H F M G K U R E A L D U M ¥ L V A U A E K G G
6585 6595 bE0S béM €624 €635 nt4s 6655 6665 6675 6685 6695
AAAGCACACCGAAUuGCUCUCuAAGAGFUuCCAGAUGCACuGuAAACCAUCACACLHAL,UGbCGLCAUUAC\JGU\JAU GACAGGAGGAUUCUUCCUACUAAUGAUGCAGCGAAAGGGUAUA
A H R M & L EE L P D E U I J L U VvV A I » VvV MUGGTFTF L L MMGEREKGTI
6705 6715 6725 ﬁ 735 6725 675¢ 6765 6775 6785 6795 6805 6815
GGGAAG‘\UGGGUCUJGGAGCUCUAGUGLUCAuACUAGCUA(,CUULUJCCLL‘U(,GG(‘GG‘A GASGUUCCUGGAACCAAAAUAGCAGGGACCCUGCUGACGCCCUGCUGCUGAUGGUGGUT
G L G A L v L U L A UV F F L W A A E V¥V P G U K I A4 G Yy L L I 4 L L L M V V
6825 683 6845 6RSE &8ES 6875 6885 68935 69C5 NS4b 6925 6935
cucnuccc;\cuccrGAAAAACAGA:GUMLMACAGAJAACCAACchcum ULUCUCADEZUELGUCLUGACCGUGCUUGEAGUGGUG GCAGC){TCGAGUACGGGAUGCUAGAAAAA
LI P E P E K QR S Q UDUMNIL AV F LI CV LUV Ve v v aaaly gy oML EKX
3 6955 6365 &975 6985 %] acs 7018 7025 7035 7045 7055
ACCAAAGCGGAUCU AAGAGCAUGUUUGGCGGAAAGAN:"AGG\,AUCAGGACU(‘ACJ UUGCCARCTAUGECACUGGACCUGEGUCCAGCCACAGCCUGGECACUGUAUGGEGGGAGE
y A D L K 8 M F 6 5 K G A s G L U L P 2 M A L DL KR P A U A W A L Y G 6 8
7065 7075 7085 7 35 7105 7115 7125 7135 7145 7155 7165 717
ACAGUCGUGCUAACCCCUCUUCUGAAGCACCUGAYCACGUCGGAAUALTUCACCACAUCGCUAGCUUCARUYAACYCACARGCUGGCUCAUTAUUCGUCUYGCCACEAGGLGUGCCUUUY
oV VU P L L K H L I U S E Y ¥y 0 U $ L A S5 I K & g AG S L F VL PRGVPF
7185 7195 7205 7215 7225 7235 TiL5 7265 7265 7275 7285 7295
Accc.ACCUAuAcuu,Acuc.nuu CCUCGUGUUL,CL” GOCLGUUGKGOUCAASUCACTC ACAAF"UUULU FACAGS CA1JGULCUUuCGACAMTJCACUAUGGGUACAUGCUCCCUOGA
7p LoD LU L L G C W G Q Vv u vouF U A M V L AU L H Y G Y ML
731a 73gK 733 7345 7155 73of 7375 7585 7395 7405 74 15
ucuc“ocmmumcwmo cuGee ZADAGAAuGACAG CUGSAAUAAUGAAGAALG GU'}(‘T'L‘GACA:GAAUG/‘UNJCLALUGAUuU CCUGAA CUGGAAAGGACUACUCCUCUG
Q AL R A & Q Joa4 oA S I MK A vV G oM A9 D WP E L E R U
7435 445 7455 Tnh 747 7 ﬂs‘ 7494 750 515 7525
AUGCAAAAGAAAGUCGGACAG/‘U LCAUAGGE GUAA(;L\.-”"“CAGCCU”\‘V'ILTU\,AAF”V‘HAMJQU ACC L‘JUJAGAL.AAGCAqGGGUuUUGGUGACGGGGGCUACGCUUACU
M Q K K v «, Q v L L 1 G V & v A A F L 13 Vot .w v R E & G V L A A UL
7565 7575 7585 a5t "m,-v 76 7625 76 7645 7655
LUGUGGGACAAUGGAGCCAGL\)PCGUUUJGAAUUVCA"uAL,AC-uCA"GGG cu:v‘GCCA'JGUcAmcuAc;wAcwunccuwcmcfx GCUCCALUGE ULGGALUCUCAUCAAGAACGCG
L NG A S A V W N u R N A o c. 3 0§ 1 Wov L
cz 7675 wNSH 7605 7735 7714 77254 77:: 45 7 55 5 7775
GAUAAGcccuccuusAAAAc.qFAAGG CUGGGGACAGCACGCUAGGGGAGIASIGOAACEAARAR CrAAAh\-CCAUuAGUAuAGAAGAGUUUUU’JAAAUACCGGAGAGAG&CCAUAAUC
p K P s L K RI6 R P G G K 7 L 0 E 9 W K E K L & A M S R E R E A& I I
7785 7795 7805 781¢ 7825 7545 7855 65 7a7< 7885 7895
GAGOUGCACCGEACUGAAGCACGCAGELCCACACTUCARRATAACAT :L CLAGGACAICCOBUUVEGTGA ]CUL,A’“LAAAM CCGUUGGyUCGUGGAGAAAGGAUUUGUCUCGCCA
E V DR U E A R R A R R E N N G vV 5 R G 5 A K R W L V E K G F
7905 7915 7925 7945 7[«4‘ 7965 7975 7984 7995 8005 3015
AUAGGAAAASUCAUUGAUCUAGGGUGUGGGCGUSCAGUATGEAG T UACLALICA GAATAAGGICUAGGAAGUSASAGGAUACAL AAAuGUGGGGCGC.GACAUL:AAGAACCG
I ¢ K v I DL G G 6 R oW o3 Y oY A X K vV § E V R 6 Y U c G A G H E E P

Fig. 3 (continued).



COMPARISON OF JAPANESE ENCEPHALITIS VIRUS RNAs 105

8025 035 8045 055 8065 2074 8085 8095 8105 8115 8125 8135
AUGCUDAUGCAGAGCUACGGCUGGAACCUGGUCUCECUGAAGAGUu’AGbGuAC“bGJULUALAAACNU”AGAGL"CAGUGAUACCCUGUUCUGUGACAUAGGGGAAUCCUCCCCAAGU
L H Q 8 Y & W L v s 5 ¢ ¥ b ¥ F Y X P S E P § DU L F C
8155 816 8175 8185 8195 820% 15 8225 8235 8245 255
CCAGAAGUAGAAGAACAACGCACACUACGCGUCCUAGAGAUGACAUCUGACJGG”UG”ACCGAGuACCUA AGkfUUCdGCAUUAAAGUUCUCUGCCCUUACAUCCCCAAGGUUAUAGAA
P E Vv E E @ R U L R V L E M U 5 D W L R G R C K v L ¢ P Y M P K
8265 8275 8285 8295 8305 BHS 8325 8335 8345 8155 8365 8375

AAAAUGGAAGUUCUGCAGCGUCGCYUCGGAGGUGGGCUAGUGCGUCUCCCLCUGUCCCGAAACUCCAAUCACGAGAUGUAUUGGGUUAGUGGAGCCGCUGGCAAUGUGGUGCACGCUGUG
K M E V L Q R R F G G G L V R L P L 8§ R N & N H E M Y W V 8§ G A A G N V V H A V
838 840 25 8435 8L45 8455 B465 8475 8i85
AACAUGACCAGCCAGGUAUUACUGGCGCGAAUGGAUCCCACAuUGUGuAGAGLG"CAAAGUAUGAGGAAGAUGUCAACCUAGGGAGCGGAACAAGAGCCGUGGGAAAGGGAGAAGUCCAU
¥ MU S8 Q@ vV L L G R M DR UV WERCGC P KX Y EEDV N L G $ G UR AV G K G E V H
85 8515 8525 8535 8545 8555 8565 8575 8585 8595 8605 8615
AGCAAUCAGGAGAAAAUCAAGAAGAGAAUCCAGAAGCUUAAAGAAGAATUCGCCACAACGUGGCACAAAGACCCUGAGCAUCCAUACCGCACUUGGACAUACCACGGAAGCUAUGAAGUG
s N E X I K K R I @ K L X EE F & U U W H K 0O P EH P Y R U W U Y HGS Y E V
8625 8635 8645 8655 8665 8675 8685 8695 3705 8715 8725 8735
AAGGCUACUGGCUCAGCCAGCUCUCUCCUCAACGGACUGGUGAAGCUCAUGAGCAAACCUUGGGACGCCAUUGCCAACGUCACCACCAUGGCCAUGACUGACACCACCCCUUUUGGACAG
K & v 6 5 & 8 8 L V NG V V K L M S K P W D A I A4 ¥V U 0O M A M T D ¥ U P F G Q
8745 8755 8765 8775 8785 8795 8805 8815 8825 8835 8845 8855
CAAAGAGUUUUCAAGGAGAAAGUUCACACGAAGGCUCCUGAGCCACCAGCUGGAGCCAAGGAAGUGCUCAACGAGACCACCAACDGGCUGUGGGCCUACYUGUCACGGGAAAAAAGACCE
Q R Y F K E K vV D U X a P E P P A C 4 K E ¥ L N E U U N W L W A Y L 8 R E K R P
8865 8875 8885 8895 8505 8915 8425 8935 8949 8555 8965 8975
CGCUUGUGCACCAAGGAAGAAUUCAUUAAGAAAGUUAACAGCAACGCGGCYCUUCGAGCAGUGNUCCCUGAACAGAAUCARUGGAGCACGGCGCGUGACCCUGUGGAUGACCCGCGGUUY
R L €C U K EEF I K X V NS ¥ A A L G AV F A EQ VN Q W S U ARESKY DD PRTF
8985 8995 9005 9015 9025 903% 9045 3055 9065 9075 9085 9095
UGGGAGAUGGUUGAUGAAGAGAGGGAAAACCAUCUGCGAGGAGAGUGUCACACAUGUAUCUACAACAUGAUGGGAAAAAGAGAGARGAAGCCUGGAGAGUUUGGAAAAGCUAAAGGAAGT
W E M V D EERENHL R GG E C H D C I Y N M M G K R E K XK P G E F G K A K G 8

10 115 9125 9135 9145 915% 9165 9175 9185 9195 9205 9215
AGGGCCAUUUGGUUCAUGUGGCUUGGAGCACGGUAUCUAGAGUUUOAAGCUUUGGDGUUCCUGAA”GAAGACCAUUGGCUGADCCCAGAGAAUUCAGGADGUGGAGUGGAAGGCUCAGGC
R & 1 W F M W L § A R ¥ L E F E 4 L G F L N E D H W S R E N 8

92 23 925 9265 9275 9285 295 2305 9315 ‘?J25 9335
GUCCAAAACCUGGGAUACAUCCUCCCUGACAUAGCAGOAAAGCAAGGAGGGAAAAUGUACGCUGAUGAUACCGCCGGGUGGCALACUAGAAUUACCACAACUGAUUUAGAAAAUGAAGCU
vV ¢ ¥ L G Y I L R D I A G K Q G G K M Y A D D U A G W D U R I U R U D L E N E &

9345 9355 9365 ki 9385 a3 5 9415 25 43 5 9455
AAGGUACUGGAGCUCCUAGACGGUGAACACCGCAUGCUCGCCCGAGCCAUAAUUGAACUGACUUA»AGGCACAAAGUGGUCAAGCUCAUGAGACCUGCAGCAGAAGGAAAGACCGUGAUG
K v L E L L D G E H E M L A4 R A I I E L U Y R H K v

9465 947 8 949 505 9 9525 9535 9545 9555 9565 9575
GACGUGAUAUCAAGAGAAGAUCAAAGGGGGAGUGGACAGGUGGUCACUUAUGCUCUUAACACUJUCACDAACAUCGCUGUCCAOCUCGUCAGGCUGAUGGACGCUGAGGGGGUCAUUGGA
D Q Q L N I Q L G
95 05 961 5 5 967 9 969
CCACAACACUUGGAACAGCUACCUAGGAAAAACAAGAUAGCUGUCAGGACCUGGCUCUUUGAGAAUGGAGACGAGAGAGUGACCAGGAUCGCGAUCAGCOGAGACGACUGUGCCGUCAAA
Q H L ¢ L PR K N K I A V R U W L F EN G EE RV UR M A I S G D D C A V K
9705 9725 9735 9745 755 9765 9775 9785 9795 9805 9815
CCGCUGGACGACAGAUUCGCCACAGCCCUCCACUUCCUCAACGCAAUGUCAAAGGUCAGAAAAGACAUCCAGGAAUGGAAGCCUUCGCAUGGCUGGCACGAUUGGCAGCAAGUUCCCUUC
D A L H F L N & S vV R K D I ¢ W K P 8§ H G W H D W Q Q vV P F
9525 9835 9845 9855 86 9875 9885 9895 9905 915 9925 9935

UGUUCUAACCAUUUUCAGGAGAUUGUGAUGAAAGAUGGAAGGAGUAUAGUUGUCCCGUGCAGAGGACAGGAUGAGCUGAUAGGCAGGGCUCGCAUCUCUCCAGGAGCUGGAUGGAAUGUG
¢ 5 N B F Q E @I V¥ M XK D G R 8 I V vV P CR G Q D E L I G R & R I S P G A G W N V
994 9955 93 9975 998 9995 10005 10015 10025 035 16045 10055
AACGACACAGCUUGCCUGGCCAAAGCRUAUGCACACAUGUGGCUACUCCUAUACUUCCRUCGCAGGGACUUGCGUCUCAUCCCAAaUGCGkUUUGCUCAGCRGUGCCAGUAGAUUGGGUG
K D U A C L A4 K & Y A Q M w L L L ¥ F H R R D L R L M & N A I C S A ¥V P

0075 10085 10095 10105 10115 10125 10135 10145 10155 10165 10175
GCCACAGGCAGGACAUCCUGGUCAAUACACUCGAAAGGAGAGUGGAUGACCACGGAAGACAUGCUGCAGCUCUGGAACAGAGUUUGGAUUGAAGAAAAUGAAHGGAUGAUGGACAAGACU
G R U 8§ W H 8 G L Q W N R V W I E E N E W MM DK U

10185 10195 10205 10215 10 225 1 235 10245 10255 10265 10275 10285 10295

CCAAUCACAAGCUGGACAGACGUUCCGUAUGUGGGAAACCGCGAGGACAUCUGGUGUGGCAGCCUCAUCGGAACGCGAUCCAGAGCAACCUGGGCUGAGAACAUCUAUGCGGCGAUAAAC
P I U S W U DV Y v G R D S5 L U R R A u W oA N I Y A A 1 N
10305 10315 10325 10335 10345 |0355 |0365 10 375 0385 10395 10405 10415
EAGGUUAGAGCUGUCAUUOGGRA&GAAAAUUAUGUUGACUACAUGACCUCACUCAGGAGAUACGAAGACGUCUVGAUCCAGCAAGACAGGGUCAUCUﬁGUGUGAUUUAAGGUAGAA&AGU

Q V R A4 V I G K E N ¥ V D Y M U s L R

10425 10435 10445 10455 0465 0475 048 5 10495 10505 10515 10525 10535
AGACUAUGUAAACAAUGUAAAUGAGAAAAUGCAUGCAUAUGGAGUCAGGCCAGCAAAAGCUGCCACCGOAUACUGGGUAGACGGUCCUGCCUGCGUCUCAGUCCCAGGAOGACUGGGUUA

10545 10555 10565 10575 10585 10595 10605 10615 10625 0635 0645 1065
ACAAAUCUGACAACAGAAAGUGAGAAAGCCCUCAGAACCGUCUCGGAAGUAGGUCCCUGCUCACUGGAAGUUGAAAGACCAACDUCAGGCCACAAAUUUGUGCCACUCGGCUAGGGAGUG

10665 10675 10685 1069 10705 10715 10725 10735 10745 10755 10765 10775
ccoccvccccnccccc»\ccAGGACUGGGUUAcc;\aAccccuucAceccccaccccccucccuccucuacmuccuuAcAccAGGucUAAccAcuxcmcumcwuwmccccuom

107 10795 10805 10815 10825 10835 10845 10855 10865 10875 85 0895
AACAACAAUAUGCGGCCCAAGCCCCCUCGAAGCUGUAGAGGAGGUGGAAGGACUAGAGGUUAGAGGAGACCCCGCAUUUGCAUCAAACAGCAUAUUGACACCUGGGAAUAGACUGCGAGA

0905 0915 10925 10935 10945 10955 10965 10975
UCUUCUGCUCUAUCUCAACAUCAGCUACUAGGCACAGAGCGCCGAAGUAUGUAGCUGGUGGUGAGGAAGAACACAGOAUCU

Fig. 3 {continued).

be noted that there are several wrong nucleotide sequences in a published genome
sequence of Beijing-1 strain (7) because of the misreading of sequence ladders.
The corrected nucleotide sequence of the Beijing-1 genome has already been sent
to GenBank. As to the nucleotide sequence of the noncoding regions, highly
homologous sequences are observed in both termini of the genome (Fig. 3 and
refs. 6,7). Conservation of these nucleotide sequences must be very important
for JEV replication, although the biological functions of these parts of the genome
have not yet been elucidated. Differences in the primary structure of the coding
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Table 4. Genetic variation in the translated region among JEV strains

Nucleotide Amino acid Missense
JEV versus JEV substitutions (%) substitutions (%) mutations (%)
SA(A) Beijing-1 2.75 (283)° 1.37 47 16.6°
JaOArS982 1.94 (200) 1.08 37) 18.5
SAY) 0.52 (594 0.07 24) 44.4
SAV) Beijing-1 2.34 (241) 0.82 (28) 11.6
JaOArS982 1.46 (150) 0.17 (18) 12.0
Beijing-1 JaOArsS982 2.87 (296) 0.79 27) 9.1

2 Number of nucleotide substitutions observed is indicated in parenthesis.
b Number of amino acid substitutions observed is indicated in parenthesis.
¢ Ratio of missense mutations to the total nucleotide substitutions.

sequences among these four JEV strains were determined with the aid of a com-
puter (Table 4). The data suggest that three virulent JEV strains that were inde-
pendently isolated are genetically related to each other. The ratios of missense
mutations to the total nucleotide substitutions between any two JEV strains were
calculated and are shown in Table 4. Interestingly, the highest rate (44.4%) of
missense mutations among those between any two strains of genomes was ob-
served when the SA(V) and SA(A) genomes were compared with each other,
although the genetic variation between these two strains was the smallest. This
observation may reflect mutations occurring in the attenuation processes shown
in Table 1, during which the wild JEV strain is adapted to PHK cells. If this is
the case, there must be a certain selection pressure on JEV replication in PHK
cells, leading to adaptation mutations, some of which may contribute to the atten-
uation phenotype of JEV.

Amino acids in viral proteins of the virulent JaOArS982 (6) and Beijing-1 (7)
strains that correspond to amino acid differences between SA(V) and SA(A) were
examined. Common amino acids among the three virulent strains JaOArS982,
Beijing-1, and SA(V) are indicated by asterisks in Table 3. It is of interest that
all the amino acids, except for one in NS3, are common in these virulent strains.
Furthermore, out of three point mutations in the untranslated regions, two nucleo-
tides of the SA(V) genome, indicated by asterisks in Table 3, are common in the
genomes of other virulent strains. Thus many mutations may be determinants of
the attenuation phenotype.

Discussion

Recently, Eckels et al. (20) proposed a vaccine lot of strain SA,,-14-2 that was
adapted to an alternative cell substrate, primary canine kidney (PCK) cell cul-
tures. Quality control of the attenuated vaccine may be easier in PCK cell cultures
as compared with PHK cell cultures (20). Although the live, attenuated JE strain
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appears to be fairly stable in their attenuation phenotype during the replication
in PHK and PCK cells, the molecular genetic background of the attenuation
phenotype is totally unknown at present. Elucidation of the genetic background
may be essential to use the live attenuated vaccine for humans worldwide, since a
similar study has already been conducted with live attenuated poliovirus vaccines
(16,21,22) and the results have been used effectively to test the genetic stability
of the vaccine (S. Abe, N. lizuka, K. Tago, and A. Nomoto, manuscript in
preparation) and to construct new vaccine candidates (21,23,24).

Both attenuated SA ,-14-2 and virulent virus SA,, strains are closely related to
each other genetically, with only 57 nucleotide differences in the entire 10,976-
nucleotide long genome. Furthermore, several biological markers that may corre-
late with the virulence of the JEV have been well investigated. These markers
include mouse neurovirulence and plaque size in LLC-MK2, CE, and BHK-21
cells, which can easily be tested in the laboratory. Thus these two JEV strains
provide an excellent experimental model to investigate the molecular mechanisms
of JEV attenuation.

There must be many kinds of mutations that lead to viral attenuation. In the
case of all three poliovirus vaccine strains, strong determinants of the attenuation
phenotype were discovered to reside in the 5’ untranslated region, and it is there-
fore possible that the attenuation phenotype may be due to lowered efficiency in
a certain step of the viral replication in the central nervous system (16,21,22,24).
On the other hand, Lustig et al. (25) reported that mutation(s) reducing the neu-
rovirulence of Sindbis virus exists in the genome region encoding the surface
glycoproteins. Therefore, a decrease in the affinity of the virus to cellular recep-
tors may be involved in the attenuation of Sindbis virus. In this study, we identi-
fied one and two point mutations in the 5’ and 3’ untranslated sequences, respec-
tively. Furthermore, eight amino acid replacements were identified in the E
protein of JEV that corresponded to the surface glycoprotein of Sindbis virus.
For the identification of mutations that influence the attenuation phenotype, it is
essential to construct chimera viruses between the two strains. Infectious cDNA
clones of both strains are currently under construction. This kind of study should
also elucidate the relationship between mutations for the adaptation to PHK cells
and those for attenuation in mouse neurovirulence.
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