
Vol. 64, No. 6JOURNAL OF VIROLOGY, June 1990, p. 2860-2865
0022-538X/90/062860-06$02.00/0
Copyright © 1990, American Society for Microbiology

Evolutionary Pattern of the Hemagglutinin Gene of Influenza B
Viruses Isolated in Japan: Cocirculating Lineages

in the Same Epidemic Season
YUMI KANEGAE,1 SHIGEO SUGITA,1 ATSUSHI ENDO,' MASATOSHI ISHIDA,1 SEIZO SENYA,2

KATSUMI OSAKO,3 KUNIAKI NEROME,1* AND AKIRA OYA'

Department of Virology and Rickettsiology, National Institute of Health, 10-35, Kamiosaki, 2-chome, Shinagawa-ku,
Tokyo 141,1 The Public Health Institute of Kochi Prefecture,4-1, Marunouchi, 2-chome, Kochi 780,2 and Kagoshima

Prefectural Institute of Public Health, 1-24, Shiroyama-cho, Kagoshima 892,3 Japan
Received 7 November 1989/Accepted 15 March 1990

The unexpectedly low efficacy of influenza vaccine during school outbreaks of influenza B virus in the spring
of 1987 in Japan was probably attributable to a poor antibody response of vaccinees to the epidemic viruses.
An antigenic analysis of the causative B viruses isolated in 1987 and 1988 showed much variation in
hemagglutination inhibition patterns. The nucleotide sequences that code for the HAl domain of B/
Fukuoka/c-27/81, B/lbaraki/2/85, B/Nagasaki/l/87, and B/Yamagata/16/88 viruses were determined and
compared with those of the previously reported hemagglutinin genes. The nucleotide sequences of the
hemagglutinin gene of a new variant, B/Yamagata/16/88, had only 93.4% homology with those of two other
viruses from the same epidemic. An analysis of nucleotide and amino acid substitutions of the hemagglutinin
genes of influenza B viruses revealed that new and some old variants could cocirculate in the same epidemic.
A phylogenetic tree constructed by the neighbor-joining method allowed estimation of an evolutionary rate of
2.3 x 10-3 synonymous (silent) substitutions per nucleotide site per year in the hemagglutinin gene.

Although a number of vaccine strains of influenza virus
have been used in Japan since the adoption of a mass
immunization program for students in 1962, the complicated
antigenic drift of influenza B virus often made implementa-
tion of influenza control through vaccination unsuccessful,
posing a serious public health problem (4, 13). Recent
studies involving antigenic and genetic analyses of epidemic
viruses from many parts of the world indicate a more
complex evolutionary pattern of influenza B viruses (1, 8, 18,
20), suggesting that antigenic variation of influenza B virus is
a major obstacle to effective control of influenza by vacci-
nation.

Antigenic analysis with monoclonal antibodies revealed
that a number of antigenic variants with 1 to 12 altered
epitopes caused epidemics of influenza in the 1981 to 1982
winter season in Japan, England, and the United States (8).
Use of monoclonal antibodies and determination of the
nucleotide sequences of influenza virus genes are powerful
tools in the study of antigenic drift at the molecular level (2,
6, 14, 18, 21). Yamashita et al. (20) presented evolutionary
pathways of epidemic strains of influenza B virus and
showed that influenza B virus evolves more slowly than
influenza A virus.

In the spring of 1987, influenza outbreaks were reported
by local governments in the southern (Kyushu) and western
(Shikoku) parts of Japan, and a number of influenza B
viruses were isolated from pupils who were vaccinated
before the previous season. To investigate the background in
which these viruses appeared in the spring and caused
outbreaks among vaccinated pupils, several epidemic B
viruses were characterized immunologically and genetically.

In this communication, we describe antigenic characteris-
tics and evolutionary pathways based on our studies of

* Corresponding author.

nucleotide and amino acid sequences of the HAl domain of
hemagglutinin.

MATERIALS AND METHODS

Viruses. The influenza B viruses presented in Table 1 were
used for antigenic analysis, and among them, B/Fukuoka/c-
27/81, B/Ibaraki/2/85, B/Nagasaki/l/87, and B/Yamagatal16/
88 were selected and used for genome analysis. All of the
viruses were grown in 11-day-old fertile chicken eggs, and
for the genome analysis, they were purified as described
previously (12).

Serological assays. Hemagglutination inhibition (HI) tests
were performed as described previously (12). Thirteen
monoclonal antibodies to the hemagglutinin of B/Oregon/
5/80 were kindly provided by R. G. Webster.

Nucleotide sequences. The cDNA was synthesized from
viral RNA with a universal primer for influenza B virus
(AGCAGAAGC). The cDNA was cloned into pBR327 by
using a synthetic BamHI linker (Takara Shuzo Co., Ltd.,
Kyoto, Japan), and the recombinant plasmid was trans-
formed into Escherichia coli HB101. Plasmids containing the
hemagglutinin gene were identified by colony hybridization.
For sequencing, plasmids containing hemagglutinin DNA
were subcloned into pUC118 and transfected into E. coli
JM103. The sequences of the hemagglutinin genes were
determined by a deletion method using exonuclease III and
a series of synthetic oligonucleotide primers corresponding
to bases 23 to 35, 193 to 210, 404 to 421, 583 to 600, 748 to
765, and 986 to 1003 of the hemagglutinin gene of the B/Great
Lakes/54 strain of influenza virus. All primers were synthe-
sized in our laboratory. The direct RNA sequencing method
was also used (3, 16).

Analysis of the evolutionary rate and construction of a
phylogenetic tree. A total of 14 hemagglutinin sequences
were analyzed from an evolutionary point of view, and a
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CHARACTERISTICS OF INFLUENZA B VIRUS IN JAPAN

TABLE 1. Antigenic analysis of influenza B viruses isolated in Japan since 1981 by HI test with
postinfection ferret sera and monoclonal antibodies

HI titer with postinfection ferret sera HI pattern with monoclonal antibodies No. of
Test virus positive

KA SI IB NA/1 NA/3 VI YA 113/2 146/1 162/1 160/1 206/2 124/4 280/2 195/3 238/4 122/5 reactions

Kanagawa/3/76 (KA) 2,048 1,024 1,024 2,048 512 256 -" -" - - - + + + + + - 5
Singapore/222/79 (SI) 512 256 256 128 128 128 - + + + + + + + ± + + 10
Sendai/48/80 4,096 2,048 1,024 1,024 256 128 - - - + - + + + + + + 7
Fukuoka/c-27/81 512 256 128 512 512 256 - + + + + + + + + + 9
Shiga/80/81 64 128 64 128 128 64 - - - - - + + + 3
Ibaraki/2/85 (IB) 128 1,024 2,048 512 512 128 - - - - - + - 1
Nagasaki/1/87 (NA/1) 256 128 512 512 512 128 - - - - - - - 0
Nagasaki/3/87 (NA/3) 32 32 32 128 256 128 - - - - - - - 0
Kumamoto/9/87 64 32 128 128 512 128 - - - + - + - 2
Kumamoto/15/87 128 64 128 256 512 64 - - -. ..+ - 1
Nagasaki/2/88 128 64 64 128 256 128 - - - + + - 2
SaitamaJ5/88 - - 64 64 128 32 - - - - - -

Yamagata/16/88 (YA) - - - - - -2,0480- - - - -

Fukui/1/88 - - - 32 32 - 4,096 - - - - - 0

Victorial2/87 (VI) 64 256 32 128 128 64 - + - + + - - - - + + 5

a Titer less than 32.
b Titer less than 64.

phylogenetic tree was constructed by the neighbor-joining
method (10, 11, 15).

RESULTS
Influenza B virus epidemics in the spring of 1987. Around

the middle April 1987, Kochi Prefecture in the Shikoku
district reported an outbreak of influenza in a junior high
school to the Influenza Center at the National Institute of
Health, Tokyo, Japan. Subsequent surveillance revealed the
circulation of influenza B virus in this area. Absenteeism
among school children showed that the outbreak began early
in April, reached a peak on 1 May, and then spread to a few
other schools (Fig. 1). During the epidemic, influenza B
viruses were isolated, and these were found to possess a

hemagglutinin antigen different from that of Ibaraki/2/85
virus, which was incorporated in the 1986 to 1987 vaccine in
Japan. S junior high school had 515 enrolled students and,
386 of them showed typical signs of respiratory disease, such
as chills, dry cough, headache, malaise, pharyngitis, and
fever (38 to 40°C).

15
z S junior high school

K primary school

A junior high school

Y 10

.0

5

0-

Date --- 15 25 30 5 10 15 20 25 30

April May

Year- 1987

FIG. 1. Time course of absenteeism in schools in which the
outbreak of influenza was first reported in the spring of 1987.

Although a total of 131 (25.4%) students had been vacci-
nated before the season, 107 of them were affected, with
similar clinical attack rates for vaccinees and nonvaccinees.
Subsequently, an outbreak of influenza B virus was reported
from S junior high school on Koshiki Island, Kagoshima
prefecture. An epidemiological investigation revealed that
all (100%) of the pupils had been vaccinated before the 1986
to 1987 epidemic season.

Serological surveillance showed that most of the students
examined had lower levels of antibody to the isolates of the
spring of 1987 than to the vaccine strain (Ibaraki/2/85) in

TABLE 2. Investigation of antibody responses of sera of school
children in two different areas before and after an outbreak

School and HI antibody titer with the following epidemic virus:
presence of lbaraki/2/85 Nagasaki/1/87 Nagasaki/3/87
vaccination
(subject no.) A" Cb A c A c

S junior high
school

-(1) 32 32 -' - - -
-(2) 64 256 - 128 - 32
-(3) 64 256 - 64 - 32
-(4) 128 NDd 128 ND 32 ND
-(5) 256 512 32 128 - 64

S junior high
school

+ (1) 128 4,096 128 2,048 32 512
+ (2) 512 2,048 256 256 128 256
+ (3) 64 256 32 128 - 32
+ (4) 256 1,024 128 512 64 256
+ (5) 128 2,048 32 2,048 32 1,024
+ (6) 256 512 128 128 64 128
+ (7) 256 512 64 128 32 64
+ (8) 64 4,096 32 1,024 - 512
+ (9) 512 1,024 256 512 128 256
+ (10) 256 1,024 128 512 32 256

Acute serum.
b Convalescent serum.
HI titer less than 32.

d ND, Not done.
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79 90 100 110 120 130 140 150 160 170
YA/8 GACATTCCGGTAACTAATACCTTGCAACGTCCAGGATATTATGGGTCATAA
G;I./54 ....................C........T....C.......C...............
S1/79..................C.C...................c..............
OR/O...................C...................C.CC.............
FU/S1 ....T.C................C.C.C.............................
IB/85 ..0........... ......C........T..........C...............
ID/86 .0..................C........T..........C...............
GA/86 .0............ ......C........T..........C...............
V1/87 ........A.0...........C........T..........C...............
NA/87 .C..................C........T..........C...............

190 200 210 220 230 240 250 260 270
VA/SS CAACAAATTATTCATTCAGACAGCAAGAATTCCAATTTACGAAACGAGGCT
GL/54 .. T..T.C................C......A...C.......................
SI/79 ......C.........................................C......
OR/SO......C.........................................C..
PU/Si......C..........................................C.....
IB/S5B.T...T.C.................A.0...........G............C.....
ID/S6B.....T.C.................A.0...........G............C.....
GA/SB .. T..T.C.................A.............G............C.....
VI/S7.C....c ..................A.............G............C.....
NA/87.C...C.C.................A.............G.............C.....

290 300 310 320 330 340 350 360 370
VA/88GGAACAGGAGGACTCTTGCAACTATCCAGATAACTTAACGGGTTCAATCCA
GL/54.......A................T.C........C.A....C ...T .....C........
51/79.......A..........................A.......T.............
OR/So.......A..........................A.......T.............
PU/SI.......A.......T....................A.......T .....C........
B/S5 .......A..........................A.......T.............
ID/S6.......A..........................A.......T.............
GA/86.......A............A...............A.......T.............
V1/87.......A... CC.......................A.......T.............
NA/87.......A...C........................A.......T.............

390 400 410 420 430 440 450 460 470
VA/88 AACAATAAACACATTCTAAGTTAATTAATTACCTACTACAGAAAGCCAGGA
GL/54..........AT... .T.....................AG.G......T.....C........
51/79 ...........................G.......G.................
OR/So..........................0...G......G........
PU/Si..........................0.0.G.....G.........T.
IB/S5.......T.G.0....................0.................C........G
ID/86.......T.G.0...................G.....0. C...........C........
GA/S6.......T.G...................0.0.G.......C...........C........
V1/67.......T..................C.....G.................C........
NA/7.......T....A.C............C...C.0...G................C.........

490 600 610 520 530 540 660 560 570
YA/IS CTCGCTGACCGACTCCAAGTCATGACGTCTGACAGGTGGTTCAGGCA A-
OL/54 .. ..C.G...... ........A.. ..A.G.GG.A......A.........A.. ..AAA... .A.....
S1/79 ....T.A.................A.G.....................AA........
OR/SO ....T.A...... 0..G..........A.G.....................AA........
PU/S1i....A.A..................A.G.....................AA....
IB/I5S....T.G..................A.G......................AAA... AAC.C:CA,A
ID/SB ....T.G..................A.G......................AAA....AAC...
GA/SO....TO.G.................A.G.....................AAA....AAC..CAA
V1/87....A.G..................A.G.....................AAA. .G..AAC..CAA
NA/67 ....A.G......0..G..........A.G.....................AAA. .G..AAC..CAA

590 600 610 620 630 640 650 660 670
YA/88 -CGACATCCACGAAGACAAATGAAAGAAGCAATCTTTGGTCATTAACAGCA
0L/54 .....T.....T..............T.....................C.0....G.A...
51/79 .........T..............T..........................CG.A...
OR/So.........T..............T..........................G.....
PU/Si.0.....G...T......... T.... .....
lB/I5 A.....A.. ..T.........:T.T...T.. ......0 . ............C.0....0.G .A...
ID/SO......A.. ..T..........T....T... G.........G..........C.0...G.0.G.A.. .

GA/S6 A.....A.. ..T..........T....T... G.........G..........C.T...T.0.G.A.. .

Vl/S7 A.....A....T.T............T.. G..0 .................C.0....G.A...
NA/87 A.....A....T..............T... G..0 ...........C.0....G.AT...

690 700 710 720 730 740 750 76,0 770
YA/88 AGAACTTTGGCCATCCAAGTACCTTCATGGACAACTAGTCCGTGTATCCAT
G1/54 ... GT. .TA.0.......G.0.G0.............................. 0..G.....
S1/79 ... GT .. .A..........G...............................o..
OR/So ... GT .. .A..........G...............................o..
PU/Si ....GT .. .A..........G....A.................. .
1B6/5 ....GT .. .A.0........G.0...G..........C..0.G.....C. A . 0 .
ID/SO ... GT....A.0........G.0...G..........C..........C....A . 0 . A.
GA/SB ....GT .. .A..........G.0...G..........C..........C....A . 0 . A.
VI/S7 ... .GT .. .A..........G.0...G..........C....T.......C....A.0.....G
NA/87 ... GT.... A.0........G....G..........C.0..G......C....A . 0 .

790 800 810 820 830 840 850 860 670
YA/S8 AAAAGCGGGTCAAACGCGATTGTATCTGGAAACGGAACGACATTTTAAAGG0L/54.......A.....AA................A........A . . T .
31/79 .........A..........................A.
OR/SO...................................A.
PU/Si..........A..........................A.
IB/S5 .. .0...............T.........C........T.... .A ........AC..:C.C......A'.
ID/S6 ...0...............T................T.... A.A ........AC... C......A.
GA/SB .. .0 ..............T..................T...A.........AC... C......A.
V1/87 ...0...............T.......AC.........T.... A.A ........AC... C......A.NA/I7 ...0...............T................T.... A.A ........AC....C......A.

890 900 910 920 930 940 950 960 970
YA/8I TTTGCCAAGGGTCCATGCGACAGATAAGTCTCTTATGTAGAATCTCCAAAA
0L/54.........A..AA..................................C..
S1/79 ....A.......A...C..................................
OR/SO ....A....C....A...C..................................
PU/SI ...A.......A...C..................................
IB/SB ....A.......A... .C... .C..................T...............C .
ID/SO ....A.......A...................A...................C .
GA/SB ...A.......A...C..................................
V1/87 ... A.......A...C..................................
NA/87 ..........AA.C.............................cC .

990 1000 1010 1020 1030 1040 1050 1060 1070
VA/SI GTGTAAAAGAGCTCAACGAACTCAACAAGATGCAAAGGGAAACTGACTCAT
01/54............................................C.0.
S1/79............................................C .G
OR/80............................................C.0.
PU/Il............................................C.....lB/IS .....C.................C........................C . 0.
ID/SB.................0...GC .G
GA/86.................0..G............C .. C. 0.
VI/I7 .... C......T.......... ..G...........C..............C.....A.T...A/I7.................0...GC.0.

1090 1100 1110
VA'8GSAACCAAATATAGACCTCCTGCAAAACTATTAAAGGAAAGG
G;I,'4 ..0..................A
S1,79
O...S..

IS as
ID) 16
GA 866
VI S.C....................

MA S7
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FIG. 2. Nucleotide sequence comparison of the complete HAl domains of influenza B virus hemagglutinin genes. The nucleotide
sequences of four Japanese isolates, B/Fukuokal80/81 (FU/81), B/Ibaraki/2/85 (IB/85), B/Nagasaki/1/87 (NA/87), and B/Yamagatal16/88
(YA/88), were also compared with those of B/Great Lakes/54 (GL/54), B/Singapore/222/79 (SI/79), B/Oregon/5/80 (0R180), B/Idaho/1/86
(ID/86), B/Georgia/1/86 (GA/86), and BNVictorial2/87 (VV187), which were already reported (1, 17, 20). Nucleotide deletions in YA/88 and
GL/54 are indicated by dashes. Only nucleotides different from the B/Yamagatall6/88 strain are indicated. Although all nucleotide sequences
of the HAl domains were determined, the regions that code for the signal peptide have been omitted.

their acute sera, suggesting the occurrence of a further
antigenic drift in 1987 (Table 2).

Antigenic characteristics of epidemic influenza B viruses
isolated between 1976 and 1988. To determine the degree of
antigenic drift, influenza B virus strains isolated during the
12-year period, between 1976 and 1988 were tested by HI
tests with postinfection ferret sera and monoclonal antibod-
ies. On the basis of HI titers, three variants were distin-
guished among the viruses from 1980 and 1981 (Table 1). For
example, antiserum to Kanagawa/3/76 reacted to a high titer
with Sendai/48/80, to a slightly lower titer with Fukuoka/
c-27/81, and to a considerably lower titer with Shiga/80/81.
Three antigenic variants were also detected among influ-

enza B viruses from 1987 to 1988, as seen in the Nagasaki/l/
87, Nagasaki/3/87, and Yamagatal16/88 viruses. It was note-
worthy that the above-described variants showed antigenic
differences from the 1985 to 1986 vaccine strain in Japan,
Ibaraki/2/85. Especially the third variant, Yamagatall6/88,
failed to react with any of the antisera used, except for the
homologous antiserum. However, a detailed analysis with
monoclonal antibodies revealed a progressive antigenic drift
in the hemagglutinin of B viruses isolated since 1976 (Table
1).
Comparative analysis of nucleotide and deduced amino acid

sequences of hemagglutinin genes. For comparison, the com-

plete nucleotide sequences of the HAl domains of the
hemagglutinin genes of the Fukuoka/c-27/81, Ibaraki/2/85,
Nagasaki/1/87, and Yamagatall6/88 viruses were determined
and compared with those of the previously sequenced genes

of influenza B viruses (1, 17, 20).

1 0 20 30 40
YA/88 DR I CTG I TSSNSPHVVKTATQGEVNVTGV I PLTTTPTKSHFANLI
GL/64 .............................................
SI/79 .............................................
OR/80
FU/81 .L...........................................

IB/65
ID/86 .............................................

GA/586 ............................................
VI/87 ............................................
NA/587 ............................................

110 120 130 140
YA/88 RTK I RQLPNLLRGYENI RLSTHNV I NAERAPGGPYRLGTSGSCPI
GL/54 ..................... SD.....T......TV........

SI/79 ..................... ....................

OR/80 ..................... ....................

FU/81 ..................... R......W........KI
IB/85 ............................ T ...... IV.
ID/86 ............................ T........IV.

GA/86 ........... A.......T ...... IV.
VI/87 ........... H............... Y..............

NA/87 ............. T............ KY..............

210 220 230 240
YA/88 NKNLYGDSNPQKFTSSANGVTTHYVSQI GDFPNQTEDGGLPQSGI
GL/54 VI K G E.K...

SI/79 .VK K. ...............G.

OR/80 .VK K. ..............G
FU/81 .VK K G
IB/85 .VK K.. G. A.
ID/86 .VK K G..A
GA/86 .VK..K. ..A.

VI/87 .VK K G A.

NA/87 .VK K G A.

310 320 330 340
YA/88 GGLNKSKPYYTGEHAKAIGNCPIWVKTPLKLANGTKYRPPAKLL]
GL/54 ............................................
SI/79 ............................................
OR/80 ............................................
FU/81 ............................................

IB/85 .A .A.

I D/ 86 .. . . . . .

GA/86.T.....
VI/87 T.V

NA/587 ............................................

The nucleotide sequences and deduced amino acid se-
quences determined in this study are shown in Fig. 2 and 3,
along with those of the previously sequenced hemagglutinin
genes of influenza B virus. The vaccine strain (Ibaraki/2/85)
which preceded the 1987 epidemic viruses differed by 16 to
17 nucleotide sequences from the Georgia/1/86 and Idaho/
1/86 viruses isolated during the following influenza season in
the United States, showing that the degree of nucleotide
sequence homology of these hemagglutinin genes is ex-
tremely high (98.4 to 98.5%) (Table 3). Also, the hemagglu-
tinin gene sequence of Nagasaki/1/87 that emerged in Japan
in the spring of 1987 was genetically closely related to that of
Victoria/2/87; the nucleotide and amino acid sequence ho-
mologies of the two virus hemagglutinin genes amounted to
98.3 and 97.4%, respectively.

In contrast, the degrees of nucleotide and amino acid
sequence homology among Ibaraki/2/85 and two isolates
from 1987 (Nagasaki/l/87 and Victoria/2/87) were lower (97.6
to 97.8 and 95.4 to 96.3%, respectively) than those of the
Georgia/l/86 and Idaho/1/86 viruses, suggesting that anti-
genic drift occurred among the hemagglutinin antigen of the
strain in the spring of 1987. The amino acid changes at
positions 159 and 187 of Nagasaki/l/87 are likely to be in
antigenic region B of the H3 subtype (Fig. 3) and probably
caused the low efficacy of the vaccine. These positions
correspond to amino acid positions 164 and 197 of the H3
virus (1, 5).
One noteworthy observation is that although the nucleo-

tide and amino acid sequences of Yamagata/16/88 exhibited
low homology (93.0 to 93.7%) with those of the recent

50 60 70 80 90 100

,NGTKTRGKLCPNCLNCTDLDVALGRPNCNGT PSAKAS LHEVRPVTSGCFPI MHD

QK....V
K.

AX
K............
K............
K............

. . ...... ......
K..K.........K..........

.. .. .. ..K.. K.............. K............. .. .. .. .... K . .. . .. .. .. . .. K. .. .. .. .. .. .. . ..K . .. .. .. .. .. .

.. .. .. .. . .............. K.T.... .......... K............
........... K K. ..........K.

150 160 170 180 190 200

YNVTSRNGFFATHAWAVPRDN-K-TATNPLTVEVPYICTKGEDQITVWGFHSDNXAQ
.I.NGE E I.KNX.-.. ....... ET.

.NG. K... TET.

... NG K.E..

... NG D E.
..:NG............KN.NNK.. F..KE.. DET.

.. NG KN.N.F...E V. DET.

..:NG KN.NNK ..... F .E .V. YET.

.. NG KNDNNK E ET.

... NG KNDNNK..E EI.
250 260 270 280 290 300

RI VVDYNVQKPGKTGT VYQRGVLLPQKVWCASGRSKV I KGSLPLI GEADCLHEKY

.H....T ........

S................. .... ..................

S...... T............... ................
............................... ........ .........

....S.PT ....
F

.......... S.. .. T .. .I.. . ... R. . .

S......T.... STI.. . . . .

S.T.....1. Q.....
.......... S .T I Q

KXER

FIG. 3. Deduced amino acid sequences of the HAl domains presented in Fig. 2. All of the amino acid sequences were aligned with that

of B/Yamagata/16/88 (YA/88). Amino acid deletions are indicated by dashes. Amino acid differences from B/Yamagata/16/88 virus are shown.
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TABLE 3. Comparison of nucleotide and amino acid homologies of influenza B viruses isolated in many parts of the world since 1954

No. of differences (% homology)a
Strain

GL SI OR FU IB ID GA VI NA/1 YA

GL 47 (95.6) 49 (95.4) 58 (94.4) 72 (93.0) 64 (94.0) 69 (93.5) 74 (93.1) 69 (93.3) 76 (92.6)
SI 21 (93.9) 6 (99.4) 18 (98.3) 46 (95.6) 37 (96.5) 43 (96.0) 48 (95.5) 44 (95.7) 38 (96.3)
OR 21 (93.9) 2 (99.4) 18 (98.3) 47 (95.4) 39 (96.3) 45 (95.8) 50 (95.3) 44 (95.7) 38 (96.3)
FU 24 (93.1) 7 (98.0) 5 (98.6) 54 (94.8) 48 (95.3) 51 (95.1) 55 (94.7) 50 (95.2) 43 (95.9)
IB 33 (90.4) 21 (93.9) 22 (93.7) 26 (92.5) 17 (98.4) 16 (98.5) 25 (97.6) 23 (97.8) 71 (93.2)
ID 28 (91.9) 15 (95.7) 16 (95.4) 21 (94.0) 11 (96.8) 9 (99.2) 26 (97.6) 24 (97.7) 65 (93.7)
GA 30 (91.3) 18 (94.8) 19 (94.5) 24 (93.1) 11 (96.8) 6 (98.3) 22 (97.9) 22 (97.9) 68 (93.4)
VI 33 (90.5) 24 (93.1) 24 (93.1) 26 (92.5) 16 (95.4) 16 (95.4) 13 (96.3) 18 (98.3) 72 (93.0)
NA/1 28 (91.9) 19 (94.5) 18 (94.8) 20 (94.2) 13 (96.3) 12 (96.5) 11 (96.8) 9 (97.4) 68 (93.4)
YA 30 (91.3) 15 (95.7) 13 (96.2) 17 (95.1) 32 (90.8) 27 (92.2) 30 (91.3) 33 (90.4) 27 (92.2)

a Numbers of nucleotide differences between two HAl domains of hemagglutinin genes (upper right half) and amino acid differences between two HAl proteins
(lower left half) are indicated. Nucleotides 1 to 78 were excluded from the analysis. Deleted nucleotides and amino acids were counted as changes. Abbreviations:
GL, Great Lakes/54; SI, Singapore/222/79; OR, Oregon/5/80; FU, Fukuoka/c-27/81; IB, Ibaraki/2/85; ID, Idaho/1/86; GA, Georgia/1/86; VI, Victoria/2/87; NA/i,
Nagasaki/l/87; YA, Yamagata/16/88.

viruses of 1985 to 1988, this virus was much more closely
related to the viruses isolated 8 years earlier. For example,
the nucleotide sequence homology between Yamagatall6/88
and three earlier isolates (Singapore/222/79, Oregon/5/80,
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FIG. 4. Evolutionary interrelationship of influenza B viruses
based on calculated mutational distances between entire HAl
domains. In addition to the nucleotide sequences of the hemagglu-
tinin genes presented in Fig. 2, those of B/Lee/40 (LE40), B/
MaryLand/59 (MD59), B/Singapore/64 (SI64), and B/Hong Kong!
3/73 (HK73) (7, 20) were also analyzed by the neighbor-joining
method (10, 15). Genomic distance was estimated on the basis of the
number of silent substitution as described by Nei and Gojobori (11).
The length of each branch was estimated by the principle of
minimum evolution. The principle of minimum evolution is based on

the tree (a) constructed so that the total number of nucleotide
substitution for a tree is minimal. (b) Relationship between the
estimated number of synonymous substitutions and time. The
abscissa represents the year of isolation of the influenza B viruses
used in the test. The accumulation of nucleotide substitutions was

plotted against the isolation times. The ordinate indicates the
number of synonymous substitutions observed between the hemag-
glutinin genes of the old strain, Great Lakes/54, and each strain used
in the analysis.

and Fukuoka/c-27/81) was higher (95.9 to 96.3%) than that
between Yamagata/16/88 and four later isolates.
The nucleotide sequences shown in Fig. 2 were further

analyzed from an evolutionary point of view. The number of
silent substitutions in the hemagglutinin genes is roughly
proportional to the difference between their times of isola-
tion (Fig. 4b). The deviation of the several strains from the
linear regression line may reflect their coexisting lineages.
The rate of silent substitutions was estimated to be 2.3 x
10-3 substitutions per site per year for the hemagglutinin
gene, slower than that of the hemagglutinin gene of influenza
A virus (17, 20). The rate of all nucleotide changes, including
those associated with amino acid-changing substitutions,
was also estimated to be 1.5 x 10-3 substitutions per site per
year, roughly in agreement with the previous study (20).
The best tree for the hemagglutinin genes of influenza B

viruses is also shown in Fig. 4a. A number of branches added
in recent years originated from a virus which had been
circulating in the early 1960s, and the branching pattern for
the 10 isolates revealed that influenza B viruses have
evolved uniquely along two major streams since the 1960s.
Four 1986 to 1987 strains, including the isolates from Japan
(Oregon/5/80, Fukuoka/c-27/81, Singapore/222/79, and Ya-
magata/16/88), belong to the first main stream, whereas five
other viruses, including two strains isolated in Japan (Ibar-
aki/2/85, Georgia/1/86, Idaho/1/86, Victoria/2/87, and Na-
gasaki/1/87), appear to form a second group of evolutionary
branches. Thus, in the 1960s, different lineages must have
cocirculated, giving rise to separate branches in the 1970s
and 1980s. As shown in the phylogenetic tree, Yamagata/
16/88 was found to be a new variant, and this might have
diverged in the early 1970s.

DISCUSSION
Previous studies (8, 18) showed that nine variants differ-

entiated by monoclonal antibodies were prevalent in the
1981 to 1982 influenza season in Japan, suggesting cocircu-
lation of different antigenic variants.

In the spring of 1987, outbreaks caused by B viruses
occurred in the western and southern parts of Japan, and the
causative viruses were divided antigenically and genetically
into three groups. They were distinguished antigenically
from the vaccine strain, Ibaraki/2/85. At S junior high school
in Kochi prefecture, vaccinated and unvaccinated pupils
alike were affected during an outbreak. In the outbreak at S
junior high school in Kagoshima prefecture, the attack rate
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was 83%, although all pupils had been vaccinated and had
high HI antibody titers against the vaccine strain, Ibaraki/
2/85. This poor performance of influenza vaccine sowed
distrust of the vaccination program among the public. This
study suggests that one of the main difficulties in controlling
influenza B virus was due to cocirculation of a number of
antigenic variants during the same epidemic.
Human influenza A viruses of subtypes H3N2 and HlNl

have been examined in detail to understand the variation and
evolutionary pathways of the viruses, and genomic analysis
has revealed that a very limited number of variants of
influenza A virus survive in each season (2, 3, 9, 14).

In agreement with the previous studies on the molecular
basis of antigenic variation in type B viruses (1, 5, 7, 20), we
also showed that antigenic drift of infleunza B viruses occurs
by accumulation of single-point mutations, leading to amino
acid substitution. The results reported here have shown the
presence of multiple evolutionary lineages of influenza B
virus, and variants belonging to different lineages appeared
to cocirculate in two epidemic seasons (1981 to 1982 and
1987 to 1988) in Japan. The nucleotide sequence of the
hemagglutinin of Yamagata/16/88 was found to be closer to
that of Fukuoka/c-27/81 than to that of the more recent strain
Nagasaki/1/87.
A slower rate of evolution of influenza B viruses than

influenza A viruses was reported in a recent study (20), and
a phylogenetic tree based on the neighbor-joining method
definitely revealed that the Yamagata/16/88 strain belongs to
a branch different from that of Nagasaki/l/87 (Victoria!
2/87-like strain).

In February 1989, the Yamagata/16/88 strain was chosen
as an international reference strain at a meeting of a World
Health Organization advisory group (19). In the spring (April
to May) of 1989, Yamagata/16/88-like virus appeared again in
Japan and caused influenza activity in the following season.
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