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A Pair of Golden Eagles Suppling Fish as Food for Nestlings
Taku Maeda

Abstract

Video monitoring on breeding nests of a pair of Golden Eagles Aquila chrysaetos japonica
in the Kitakami Mountains, Iwate, Northern Honshu, Japan, revealed that fish were supplied
as food for nestlings. Fishes, totalling 57 individuals, were presented to chicks in four of the
seven years analyzed, and comprised 19% of the 306 total prey animals detected. All fish were
brought by the male, and most of them were removed from the nest by the female soon after,
except for 10 fishes consumed by the female and nestlings. Fish supply during the nestling
period was either continuous or temporary, depending on the year. Fish species could not be
identified, but the variations in size, coloration, pattern and shape of fishes indicated various
species were used. The method of obtaining fish was unknown, but the variation of fish species
and irregular supply patterns suggested the possibility that Golden Eagles snatched prey from

fish-eating birds, such as Western Ospreys Pandion haliaetus.
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Tomoaki OYAMADA, Shigekazu KURAKAKE, Norimasa SENZAKI:
Development of a Method for Germinating Endangered Cypripedium
guttatum and Efficacy of Seedling Production from Preserved Seeds Aimed at
Ex Situ Conservation

EREWNIIBWT, FavkryENFT7YEY VY (Cyprpedium guttatum) OHEMIZT I TH
D, PREERE I X A RAEBOBEIMEN AR SN W &5, ERNIEE 2 Hise T 5 720 04 B
AMREDREFHE TR > T b, RiFFEIE, REARILHMARESEI O BEifv <0, BRES I s
HET IR SN CEHAEMERE 22 F a2y FANFTYEY VY ORETF-OFRFIC Y M2 & 12
0, ABEIVREOHEAED - DICLEE L SN DR T OWEHOEREIC DO W THREE L 72, WFZeix, £
RO ORI, PHABRE L TR TR S N CE 38350 L DR L7281 900 KL%
MENC LT, 7Y EY Y 7RIS L z/NUEE 2 () USSR aBRa 5t L 720 563 L7- 3121
REBEEMICHR L, KEFROON 9L 7T A a0l L, HEEFTE LA N OfEIchEL
I C2EBOBER 21To 720 BHIZE o TEFE LMD S 30 MK % 335 5Bk 122 HE L 7245 5, ERioD
BULIZPIBEZHERE L 720 CORRESHEICL, REBE L THEMEAEEIEZHITICRE SN T\w/z 2014
SENERAE S N7 AET- 200 fr & B HUCIRAE L 72 & 2 2 6 B OFFEEAEIE SN ze TN EF AR ISRk
LT L, BRI 2RO SNz T/, 2015 4F I CHRFE S 72 RAEFE T 7265 Hi % #FFHZ 583
AERICHLD MLA 7 Z ORGSR, BE2EBAG 50 H 25 800 H  TO MM Wrie A1 108 AR D38 3FE AR S 7z,
BRI 1% &0, FhRERE L CHEM L 728 R O T O 53 347% L i L THEICEL &
DN Tne FEEE LT 108 iR H 3 E LS R S 7z 101 A% B ICHK L CBEm L, W
RLZSTEEEZRET7 270 LT HEHIZFRE L FOffICB L T2 EMOFE 21T\,
AR L 72 22 R 2 BRBEAA IR L 720 ARWFSEIE, BRERA DNED T\ B A IR AR O fRFETEFH SR 2E o
TV HAZDLDOTHY, FHICFa vty FNF72E) Y 7 HEKRD SRS N RERET O ILE
WAMZBWTHIERE 1220, EBBIMEEIZH A BT O EEICED) L 72,

Abstract : Cypripedium guttatum (common name: Spotted Lady’s Slipper) grows naturally in
one location in Japan. However, the failure of conservation measures to increase the C. guttatum
population has created an urgent need to supplement in situ conservation with ex situ conservation.
We were contracted by the Ministry of the Environment (MOE) Tohoku Regional Environment Office
to develop a method to germinate C. guttatum seeds collected from C guttatum’s natural habitat and
stored by the MOE Shinjuku Gyoen National Garden Management Office and to evaluate the efficacy

LT 020-0857 45 F 18 5L I AR R 1-11-16  Iwate Prefectural Research Institute for Environmental
Sciences and Public Health (I-RIEP) , 1-11-16 Kitaiioka, Morioka, Iwate, 020-0857, Japan
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of using preserved seeds, which is essential for promoting ex situ conservation. Prior to attempting
to germinate preserved seeds, we conducted a pilot study using 900 seeds collected from C. guttatum
maintained in cultivation plots and Oyamada medium developed especially for Cypripedium spp. The
312 seedlings that germinated were subcultured in seedling growth medium; of these, the 99 seedlings
that showed growth were removed from their flasks and transplanted to planting trays filled with
horticultural soil and grown for 2 years. The 30 surviving seedlings were planted out in experimental
plots and the first bloom was observed the following year. Based on these results, we sowed 290 seeds
collected in 2014 and stored by the Shinjiku Gyoen National Park Management Office, which resulted
in the germination of six seedlings. These seedlings were subcultured in seedling growth medium and
ultimately yielded two plants. Based on the results of this pilot study, we conducted a germination
experiment using 7,265 preserved seeds collected in 2015. Intermittent germination of 108 seedlings
was observed between day 50 and day 800 after sowing. The resulting germination rate (1.5%)
was significantly lower than the germination rate of seeds collected from cultivated plants (34.7%)
conducted as a control experiment. Of these 108 seedlings, the 101 that exhibited differentiation were
subcultured in seedling growth medium; of these, the 57 that showed growth were removed from their
flasks and transplanted to planting trays filled with horticultural soil and grown for 2 years. The
22 surviving seedlings were submitted to MOE. This research, conducted as part of MOFE’s effort to
conserve and increase populations of endangered plants, has yielded the first report both inside and
outside Japan of germination of C. guttatum from preserved seeds collected from wild C. guttatum and
demonstrates the efficacy of using preserved seeds for ex situ conservation.

F—U—F:FavkryENFTVEY VY, HEM, AEEIMES, BERET, 383

Keywords: Cypripedium guttatum, natural habitat, ex situ conservation, preserved seed, germination
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T o A= FISAMAR A DO HEAE D 72 12 BB Bk Hh
Favtry®NFT7VEYVY (Cypripedium — FTBRBEHEBIT O & 2\ TREAHEHEE
guttatum) 1%, 2002 412 [#EHOBE OB e o
BEEBRPOHORA T 2] OEY oy =TT Y T RERORES
A BB REPRE ISR S T S (BRI, Tablel. Blooming and fruit bearing of Cypripe-
2018) o 2004 12 IE BARKFES - BREEE 45 Tl IR dium guttatum in their natural habitat.
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CURIDHEZ A, 2019 R Do F 72, BAEHEMAKIC ;ﬁ; é 1 g
BUTH, HEHFBREOIL, ORI R 2013 ) X 0
WETHEL BRI NI TIUE, FKEE 2014 6 1 1
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EAMCBWT, REOFFERBRICID A
PG IIEG D 575, NHEOBFH %D T
B BAEIC R o 7235 BIHERR T X3 (Bae et
al,2009 : Ishii et al,2005 : 1 4 A& 2000), Z i
WZOWTEREEIZH EHLY 21T - 72 23O ]
BEThHol.

Z TR TIZEE I D MAZT VEY)
VG2 EEEEE (NI, 2003 /8L H 26,
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ELTEHETFEMCERELZTYEY V7B
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FNFTVEY VIO (LUF, [R5 %R
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WOTIEGH 21T o720 TNHOERERIIKR
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1. FPlmsis&
FavtbtyENFTYVE)YIOETB IO
FEDORM AT F & O HEDOREED v
7o, BERREET 2R I2H2Y), FE
PIRAET 5 [HORAE] BHLIET & 2 % 1993
FICHZIEPOBEA L2 2 S HE L 2%
L TPz it - 720

(1) HEHBAEOF IV FNAFTTIYEYY
VDS RONEBRELEFHROBR &
E&1-1)

2010 FAZHFER MO 19 MR & S CRZFRL,

MELZSSROYA X% [ TH ] [/ TR

B (AW ] IcHEEL %R, ES, &%/
FAT, HExBETKFF (LIBROR EB28, &
BT TRAML 2o FHIIR, X KRN
TEyrv—L—IC) L, EREMEE (SZX-
ILLB100, OLYMPUS) % MWl %% h 7~
ML7zo FHUIEE, SCROTAXFOLD0G
900 7 % FEHF BRI FH W 726

(2) iEhAEEFORF (R 1-2)

HE Hh H SR AE 7 0 53 AR & 2010 4E124T -
7o HETE, BAAE - AEFE S 90 HAYEE L7258
AT 2 RN W 720

PR L, BRER L1 CHRIL T2, K
HIRRER T M) KB (BRER 06%) %
ANz R 1R L, IRENAR R % 30 7347 - 72

AL, W LT 227 ) — Ry F Ik
Af&, /ANUHEEEEE NLEE2, 2011 /L
FE A, 2021 %2) 123049 MM T2 b &
&, pH5.7 IZHHEE L /MU B # UL E 2,

2. /INIHRFEE & B ORIL
Table2. Composition of Oyamada culture solution
and growth medium.

/N L S FE IR D FELAR Nk /I L P A i O AR S

R T I v 5mg- L Hyponex (6.5-6.0-19.0) 1 g- 1"
=aF Uk 2.5 mg-L" AT kv 1g-L"
HiEEE Y R¥vv 5mgel’ AJE—A 20 g+ L
IAA v b= 10 mg - L7 /L B BRI Tl -1
TS V) 0.1 mL+L" RF hFa—7" 5 mmfd
RRE 0.1 mL -1 T lg-L”
pl 5.8 50 N 3Lt
ph 5.7-5.8

CEERARICUEMA RIS, A= L—T THETS.
YRR SR LS A A

B 1. /NLUEEH TR LW OEF L L (4 K5)
ARFEHOTO ba—24, B 70 s a— ALK LE
B, CEEMMbE MG LERE, D3E L MAHE Lo

Fig.1. Development stages of seedlings germinat-
ed in Oyamada medium (four stages).
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2011 ; /NI E T A, 2021 #2) % 100 mL 7
W20 7 A% (450 mL, A %A T4)
~, 1 B#dH 720 300 K1 % HZEZ 900 FfEHE L 72,
Z Ok, REASZNMIHREERY 5 mL i
L7260

BAlL, 20CORREMICRELINAF <
VFA v FaX—% (LH-30-8CTNK ¥ 27 4)
(2, FR1E L 7-R5 A AR & 180 H M % H &2 FfHE
L7z0 ZFEOHBIIHEMRIZ LY KoL THBR/DND
HWERKIEZ 23700 b— 2 2R L 725 &
L, @%b 8FMAH 2k L, Bk
TRIZEFREEE Y~ b L7,

(3) FiEHEROBERIEE (B 1-3)

AL, BB 12 TEF L 72 312k % /L
HER R ISR E S 721, HERA Y o/~IH
e (pH 57 127%) % 100 mL FEH L 7215
HT ADRFERS (450 mL, A7) ~&
BLAVENS, 15840 1~ 3EEBRL 7,
COW, EBFELARXV2THARLLELDEAEFL
NV 2K, 3THRLZLDEEFL NV IIX
L7z BEIIRR 12 L REH T - 720 ™,
BRIEEOMIZ 180 H 2 HZ 24T - 720

BREERRE TRC, EfFEAEZ Y ML,
ZDOW 30 ROV TIZE L, BEE /) FAT,
EEABETRAECENIIL, B, BLFEKEH
vyl T2, EBELANV2KE IXTH
FL72& 15 ERIC oW, ERZRw/IEH
WZOWTHEROFETHAEL, £FHLXUVHT
L 72,

(4) #HiEHhERRDIEL - 6L (GRB& 1-4)

RS SRR - O REAE R 99 R DAL - $k
& 2011 4R12AT o 720 JEAL - 8K BV, 221
FEht L7251 CIMUH, 2003) 125720 2 F D,
HEeE G AF O — VB N OfEHE50 cm X
130 cm X & & 20 cm) (ZHEE B L (VMDD
WEAREL UNRD, 5, b AR ARE 6!
211 TRALZHLEZES I5ecm FTHREL,
ZFOLEIZH1 cmBETAF - v/ X0/ % H
CEEFED, € IR H R OB 2 %
FEERGED 72D 20 k% BRI L 72, flFk
LB AT EOMICRE L, BAREET

TEHL 72, JEL - kP, B oORERR
W20C LT OHPEHET S L )2k o 720 %
LT LERL,

WOEMIE 4H»S11HETH1IROE
A T/MIHEEFER (£2) % FHETAHIZ 1000
mL A5 L7z CMOHEIE2, 2021). 72, B
DORIIESGH 2 ZE L CGEXZT2, Hho
FREEAY 10000 Ix LR IC22 2 X O AT L. MBS
DHER SN TH OB 2T LABL 72,

NEAL - &k BT 205 2 SER A EEE Y
FL7zo 72, LA EEIZOWTIE, #HE
230 cm < 4% 100 cm|Z %7 L 723885 Ho~ 30 {4 %
SEAE, 15 R EZ B AHOT I TEHL, 20
HOAEE, BRI ZBIE L CRRBETHW
FEIFFEDOEMEI DO WTERM L 726

2. BEoHEST (GHER 2)

HAM o -81E, 2017 4, 2018 4RIZ HAH D
Lok (UT, UKD (BfEd Y BE1)
BIOToME TLUTF, LX) (BifERL) o
WWEAE»S, 19> 760 g 3% 7L
FTORML 720 ZORE, BERICHARIZAD
T ORBUIH A O FE A4 1 2 SRR DR
HiPHE 2 HEES cm 2 HZ2 L L, HEWIRICHE
BEGZ BRI,

TIEGHE, ML BT o' TR
%, WMERRRER, WHAEH KBk~ m v
WHRRE) VR, A ) v A, M OV
T AB LUK~ 7R T T L F RIS HE
 Dr. VAN, E+HFIE) THN L7, pH
& EC Xl 2% (H198129, HANNA #1) % fif
AL THEL. EBD 012 75727V EY
Vb HA VY BEMO TESHTOE LN
FETHM LTz T 1LEA2S, FRZT7 Y EY
VB o HIELEICH WO TWw B EHR,
RHEA VT A, pHE ECIZEH L (UMIH
(I, 2020 5 /NIEE A, 2021), BASEEB L O
BFEEDOL UKL, FEDOZWLIXO THEE
B L, BrbERERICIEH L7,

3. AEER
KABIZOWTIE, FRABEBLOEAEBO
IR R A IR AR B E FE L 7,
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(1) REEFOHF (G 3-1)
REROMF121L, e 55 o1 IR A7 ik
THFHEEL L OBRIEE L 1T 5 7212 20T
TR SN TR T GEEA AR
5i)m, 2009 5 BRELAE HALE B AT, 2010)
7o, RAETR 2 558 L 72 2016 4F & 2017
ENZIT I - 7R T, 22 2014 45
1RO (200 4%) &, 2015 4R B AE 4 ¥k D
fiT- (7265 40) T, &5 LM THL (E

Do INHAMBHIFESFRABRICIY HA 7,
PR, FET 2 /N B RS 2 R P S
w22k, 72, AMUHEEHO pH % 5.8 2%
L7zZ &b, BR1-2 LMD FETIT- 72,
By, lBR1-2 L MEHTITo 7288, B
RIROFBELMIL, FE3FRMGHBESEAIC X -
TS50 H2»5 800 HE RE L Erofzizw, HigE
Heorw EMICHER L, BFEREFLNNL2T
WL 7z,

FHENE, BER 12 L BRI HE % FEk D F
TATVY, B bR AE 1 & i L 72,

(2) REBFOEREE (HE&3-2)

A L OREREIL, BBR 31 CTHFBREFL:
2014 4EHRHGE RO 5 A B L O 2015 4EHRIL
FEF-Hsk o 101 @EKIcoWT, 3B 1-3 L RO
HETIT o720 W, ZHFICEST 2 HEIZEPE
C7:7-0, BRIEEOMMIL180 H % HZIZHE
ML 720 BHENE, BREEET TRICER 1.3 04

B HERBSOFa vy ENFTYE) Y
7B R (U IX)

Photol. Wild Cypripedium guttatum growing at a
soil sampling location (upper community).

BLNVHOEFREZBW-HE %2, FED
FETEH L 720 O, AFHAL 57 k%
Xk L, sk oBEE L e L7,

(3) REFEFODIEL - $hL1F (5(B& 3-3)

PR T O R 221 57 AR O NEAL - 8k B
2019 4R 1CAT o 720 NEAL - SR EITB X O OB
DITEIZHR 14 L RO TETITo 72 7~
FHE I T o & AR EZEHATRS 2 L
(AT 2y, 1988 5 #EAKRIZ 22 2001) %, 583 &
FHEROREEPUIHBRR ZLEE L, HES
ik, FAROBRMEIZE > THIE SIS L v
Hisd 35 (Shefferson et al,2005) 726, +33
SRR L2 U RO 82 HORRIHET 5
LT L 720 AL - Sk BT 2 SRR A A
ka sy v b L, SR R AT R OR;
W OELFRE L 72,

4. FREtERMT

S RO LT RO, S <HE
WO E BEY, SCRORS, #BX
OEEZHBEERE L, BERGIT 21T - 72,
F 72, TN ENOMBREIZ O W TEAMHE O
EXATo 720

B M SRS O B R IZ BT B RO
EFELANUVHTOREHOEF K TIX, £F
LRV 2R EEFL N IROE#ETEOE L
LJOBMEEFY 2 VF Ot BRET, REEBAFE
Bz~ rhA4y b=—D UKET, £EXIZL
T4 v Y — OIEERERERE TR L 72,

2015 fEERIL O PRAFFE T & 3 i SRAE T D 58
FHGHE L OBFRO LTI, BFHG
HEuE~ > F A4 v b=—D UKET, %FERIT
74 v Y — OIEERESME T L 72,

B RLER S T R O IRAEFE T 3 & OB Mok
HMTrORENOEETB L EFERO LI TIL,
BEWOEL, BEBIUVEETIYLVFDt
e T, MEBEBLAFRIEIY KAy P =—D
UMET, EFERIET 1 v ¥ v — OIEMHEER
FETHEL 72,

NEAL - $k 10T 2 RO EFEROLETIE, #
AT & OV H SR A T O B 28 1 0 A A7 3
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1. FlialiRER
(1) HEMAEOFa v FNFTIYEYY
NS BN BRELEFHOBE (R
B 1-1)
BH#HDEICLD, S HRITK5M, P51,
NG, AR (REW) 4 TH o720 F 72,
YA ZFOBEFHEOFHHEB LOL ¥ DIk, K
8337 % (L v :7271-10118 %), 5816 k7 (L
> T 146516670 Kr), /2910 K% (L > P 1 100-
5229 %), AR 1772k (L ¥ 2 1 217-4469 ki)
Thotr (33). KOS EL LT W,
INBLURBED S RO T HIIV %L,
IBLUOAREDOS L RIZEFN LTI
LOEDR SN,
223K ROEE, & ERLMHETHEOM
RxRT. ZORE, SCROEE, EBLV
HER T ECEOMBS RO N, i, ES
I FELHEEICHAHAPR N, 72,
BRI mm U ETHB L, EEN04 gl L
IELSCREZEINT 22 LT, FHYRTE
THEE 25 5000 KO T2 fERCTE 5 2 LT
REE T,

(2) BismBEEFZAVEHEF GE&R1-2)
BRGSO HEAS Fa ba— a5k L, 33

DHERR SN 720 ISR H U 1263 + 227
H (P EdmE), %BFEFRIL34T% Thotz,

(3) HIBHEEDNEREE (A& 1-3)
AT TIROEROFL, RE, RE
A, R R ORI, Then89 =03

3. HEHTEIR L 72 & K RO HEh 4
Table3. Numbers of capsules and seeds collected
from cultivated Cypripedium guttatum.

S Rtk S RH SRR H
(B E) (&) (e K — 35/ M)
x 5 8337 (10118-7271)
Ey 5 5816 (6670-4651)
N 5 2910 (5229-100)
RE 4 1772 (4469-217)
%% . N LR 2 6143 (6908-5377)
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TET kD)
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0 . . ¢ : : : ‘
0 0.1 0.2 0.3 04 05 0.6 07
HE (g)

2. S ROKS - EE LM ROBR
M iE €7 Yy OMBIREE R, = IZEHBOBEIZLD,
1% KETHEEDNHH 2 L ERT,
Fig.2. Relationship between capsule length,
diameter, weight, and seed number.

mm (P + ) 467 + 22 mm, 47 £ 0.3
A, 07+ 014,023 =011 gBLU317% THh o
725
FAEFLNV 2K ESKICBIT L5
OEL, MRE, R BAFNS L OAEE
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R o TOME, WELEFRIEAELRENR
S, EF LAV 2 OMRED 514 + 23 mm (F
W fmikEsE) T, 3041924 mm X DK
BIEPole 72, EFLANL 2 XOELFE
A3408% T, B LNV IKD230% & ) AHE
ZEMoTl,
INHDZERnS, EF LN 2 THEREE
T5HILT, BEHOREB L VAEGFENE T
BT ENRBENT, TNEZTRERETFOF - .
BB, EH LA 2 THREHRICHR L2z, JEe e

(4) MIBEHEBEDIELL - $hE(F (GRER 1-4) 3. FEHIZER L 7B O WAL & BT

PR e e (2013 4524 © 30 1)
ARLHRAT OREHOMUIL - LT 28 O o1 2 ot ki T o R, B

PROAEAFAIL 455% TH o7z (M3 1201345 mumoHsssthubl EilpomE, CMBEREE D
H19 H)» T HARES 8 -2 D FALIRAE

T D BREE SR L7 S 72 30 4K (303 ; Fig.3. First blf)om and clustering of C)fpripedium
- guttatum seedlings planted out to a cultivation plot
201346 H 18 H) (ZFFIH AL HERL S (30 plants planted out in 2013).
(03:201445 H 18 H), 2021 4:121%, FHAE
%304 ¥k F TRAfEASRE®O S 7z (K35 2021 4

5716 H).

F4 EFLNV 2R EEFLANL 3 KXOBERETHOAE & AGFE
Table4. Growth of seedlings subcultured at development stages 2 and 3 at completion of subculturing
(acclimatization, potting).

i S o Y e o

EH LUV 20X 9.3 £ 0.4 (15) 51.4 = 3.3 (15) 4.5 £ 0.3 (15) 0.6 = 0.2 (15) 40.8 (179)

AT L UL DRERIX 86 + 0.5 (15  41.9 = 2.4 (15) 1.9 £ 0.6 (15) 0.7 = 0.2 (15 23.0 (113)
B n.s. * n.s. n.s. ok

") £ EEHER S (B D)
VELBIOMEOHIY 2 VFOUREIC LY, BB L OBAFEROKI~ RS v h=—DOUREIZE Y, EFEERORIT 4 v ¥y —OIEMEEREICLY,
5%KUETHEEN DD Z L 2FT. s THEENRNZ LERT.

£5. FavkryIFNFTVEY YT HEROLESHREE
Table5. Analysis of soil from the Cypripedium guttatum natural habitat.

N L% BlEdHY) - 4 ToREE GHi L) - 4

ki T oo Foang LA BERE o oy e yoane | Ed PRHEG 22
T e THEEFE (ng/100g) 1.6 1.7 1.2 1.5 0.3 1.8 1.8 1.0 1.5 0.5
fifkREZE % (mg/100g) 1.0 1.2 1.5 1.2 0.3 0.9 1.3 0.7 1.0 0.3
AHAREY VU Bk (mg/100g) 1.0 2.1 2.0 1.7 0.6 3.0 2.2 1.3 2.2 0.9
ZEHAPET ) 7 A (mg/100g) 44.0 66. 0 30.0 46.7 18.1 40.0 35.0 38.0 37.7 2.5
AT V7 A (mg/100g) 160. 0 112.0 157.0 143.0 26.9 103. 0 88.0 94.0 95.0 7.5
TN~ 7 %7 L (ng/100g) 40.0 17.0 82.0 46.3 33.0 43.0 98.0 9.0 50. 0 44.9
AEREEE (PPm) 4.0 60. 0 53.0 39.0 30.5 6.0 42.0 16.0 21.3 18.6
it~ A (PPm) 6.0 16.0 11.0 11.0 5.0 6.0 4.0 9.0 6.3 2.5
H5 (%) 0. 006 0. 006 0.03 0.0 0.0 0. 008 0. 059 0.07 0.0 0.0
pH 6.05 5.55 5.71 5.8 0.3 5.87 5.8 5.91 5.9 0.1
EC (1 S/cm) 4 5 4 4.3 0.6 10 5 11 8.7 3.2
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6. TUEYVHEME <A Y RO IR

Table6. Analysis of soil from the Cypripedium macranthos var. speciosum and Cypripedium japonicum

Thunb. natural habitat.

TYEY Vg HAM (1)

v =AY U HAM L)

REBAH VE T et
T =T REZEFE (ng/100g) 0.3 = 0.1 15.0 = 1.7
YlEHEZE SR (mg/100g) 2.2 = 1.8 11.3 *+ 4.4
waREY g (mg/100g) 1.5 = 0.4 3.7 = 0.9
ZHaPES U 7 A (mg/100g) 42.5 =+ 10.0 96.0 = 11.6
AP v 7 I (ng/100g) 383.4 =+ 40.6 41.3 =+ 8.2
ARHNE~ 737 N (mg/100g) 6.4 = 3.4 36.0 = 7.4
ARG RESR (ppm) 2.1 = 0.6 22.7 + 13.2
At~ > > (ppm) 3.1 = 1.6 9.7 = 1.5
oy (%) 0.003 =+ 0.002 0.010 =+ 0.001
pH 7.6 = 0.3 4.7 = 0.1
EC (uS/cm) 37.8 + 23.3 48.3 + 5.8

DLEDRERERPS, FavtrFNFTYEY
VY O A L7 BRI X2 S E R
O &, B L ONEL - $kEFIC X B8
NCOEWARZET, BMRBRMICEmT s L
2 & o THIAED L OBAIE B O R T & 72,

2. BEoiE R (G5R 2)

K5 ZFavtkrINFT7TYE) Y HAM
DI FEGHERERT T2, HEOZDIZT
VR VT E T A T HERO S STRE
FeF6IIRT,

FavtryENFTYEYYTHERO UK
ELXOT vEZTREROFHYMEIL, Fhe
7115 mg/100 g, 15 mg/100 g TH -7z, HlE
REZEEE T3 12 mg/100 g, 10 mg/100 g &7 1),
URXE LR TREREZIRON o720 TV
ELTREERLEREEROAEMEE T YV EY)
Vo HAME B LZEE, MEICKE LA
BoNholzds, 74V 7HAME LI
ThHE, FavkryINFTIUEYIYTETY
EY Vv HERIZ A AV EERO 1/10 12
BEIZ 7 DD o 72,

R v A TlE, 1430 mg/100 g, 95.0

mg/100 g &7, 7YEVVIHAEMRID D
Bl ol 24V ITHAEMID L EHV
fEzxRL 720

UKo pHIE FIH58 LIXIZFH59 &40,
WEN D FIRETEEZ R L TYEY VT H

AEHOT6 L) QKL oS, s A VY
HAEMHD 47 L) bEWEE R L7,
RABRICER 9 A5 1, BEVEN O L B
WP L U RKICEDLETHE L, 2D,
TYEZTRRER EMREEROAEFMES pH
WZHEE L CRH-ER o Fe L pH OFE %
fTo776

3. FHER
(1) REBFOXRFHER (HE&3-1)

2014 fEERHUHE F O 56 3 313 24%, 2015 4F 8k
AT DFFERIT 15% TH Y, Th2h 6k
& 108 R D FEIFEMAR DT & A7z, 2015 FHRIL
FlT- & BB R T ORFEFE I L2 2
2, BEEMHREF OB PEBEICE,r o7z (K
7)o F72, 2015 SRV T O F 345638 Flht H 4K
(X, 2034 + 1504 H (P¥H+iEdERFEE) %0,
BE R T 1263 = 227 H L ERTHE
RS, F7o, EEFEELRE L, REFETIE,
FEIFRPME L & B2, BFORBOLEL, 5
FRMHHBOIES D ENKEP-72(FT, M 4),

(2) REETOHUESR (6158 3-2)

G IHBHET T ORI OR 2 (5
B 2) CHFHHCRE T o R ORI, RE,
W, BAFHUBLIVCERLZRT, TOME,
WREBICHBEZEPR SN, R ORERO
ML 35 + 024 (P RERRGE) & ks
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F7. /NI B b\ S RRRE L 72 PRAFAE T & s dh P R il
T OFIERIGA & 53D LK

Table7. Germination start dates and germination
rates of preserved seeds vs. seeds from cultivated
plants sown in Oyamada medium.

FIFBRAG B AL IR
(R) (%)
[(3ziss 203.4 + 150.4  (108) * 1.5 (7265)
i oRFE T (R L) 126.3 £ 22.7  (312) 34.7 (900)
HEN i o

LR R (G
PRE BB ORI VA y h2—OUREIZ LY, BEFEOLT £ v ¥ v — O ERRE
RECLY, 1%KETHEERDD 2 LEFT.

B{RTFRE T
50. 0 R RET (RIEFERL)
40.0
S
W 30.0
A1
i
| 20,0
10.0 4
0.0 uBﬂ %En Aol o Ao o a_n
[=NojoRoloNolololololooloNolololoNaloNal
NOOFTONOOFONWOFOONOOT
S ANNMMON LD L L0 OO~~~

FEIFBAAA H 3K

4. /NI FHBE HV A A L 72 PRAFAE T & SRS 1 SR A
T OFFMGH & 53

Fig.4. Germination start dates and germination
rates of preserved seeds vs. seeds from cultivated
plants sown in Oyamada medium.

HHREFORE#EE O 47 £ 03K L ) FEIZD
Lol

B RT TR ORAE T OB 221 & 5
HURAE 7 O R B O AL, T2 528%
& 317% THRAFE T OB E AE I E Do 72,
INLDZ LS, REFMET ORI HRE
WL D, EHEERPEVETH DL I EHIRE
Sh7z,

(3) REEFOIREL - #6 L+ (58 3-3)

AT R OB R ONAL - $6 R 2 452
DHEAFERIT 386% T, AT HFE T HR OB R
DEAFREEL, AEZEZEIRON L7z,

V. BE

1. SLREBFHORE

KO F IR B Mz RS 5 2 &
MTE Lol s, S ROES, &
BBl TROMBREREL-LZA, B X
DHFELEETHEVIEOHBEN A SN FFIZ,
BRI mm P EHsHb 0, EEH04 gDk
WELTWAEHDOEERT LT, P HET
BaFio S REBINTE 2 2 LWL I
ol
INSOHERRESEZICTHI LT, HAE
W THREENHER SN B D & L Ro@EIRH T
REICZ2 B &b,

2. B&EtoHES R

RAED B AT % DT L2 RiEE 7% <
KW 7D G HAENG E % 5 CUNLHIE 2,
2020) . BEHEOHE DB X ORI L VUK L,
LWL KIZOWT, HEGTHEROEER, =K
ANy 2B XOpHO 3IHH % 3-Mfi§ 5 &
LB, TYERYV YD EIITA VT OHE
DIHTRE R CUNUEIEA, 2020) & HbEg L <k
WREOSE L L7z (F£6),

EBEBTIE, URELXOMEZETLRL,
LHEA V7 23 U X Th$ 2 125 W E [
Zhy, URIIIZ=HTAV LD TVEY Y
TN Ao 7z UNIHE, 2020) 0 — &8 2 VB

BH 2. AAETHRO W QALY - R EITREORT
Photo2. Cypripedium guttatum seedling germinated
from a preserved seed just prior to acclimatization.
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Table8. Growth of seedlings germinated from preserved seeds just prior to acclimatization.

feats B & iy AR HiE
(mm) (mm) () () (g)
R HR O 57 8.5 + 0.3 5.1 + 3.9 3.5 + 0.2 0.8 + 0.1 0.22 + 0.10
B EE O 30 8.9 £ 0.3 46.7 = 2.2 4.7 £ 0.3 0.7 £ 0.1 0.23 = 0.11
HEn n.s. n.s. * n.s. n.s.

A+ YR

VHEE, BRBEIVEROANIV 2 AT OREIZLY, BB L OBLFREONIv VA, v b=—OUREIZEY, 5% KETHEERDHL Z L 2R,

ns JZAEBRERRNI LERT.

DML T, TIEF OIS REHT T
ZTREZEFEN5 ~ 15 mg/100 g, AEERREZE IS
5~10mg/100 g & ENTHBY) (B FIE,
1988), Fawvt sy FNFTIVEYYTETVE
)V OWEEAEZE 1L 5 mg/100 g A & %
wBHBEICHAT AL, T, KBTIV Y
ADSHRE & 412 100 mg/100 g DL E &, AL
7 AT DS N TEICHE T D EDE S 7z,
pHix, MHHE L bGERETETH 72 T
Y VT TR T76 THT VA ) MHIEE R
L, 23H AV TIEFH 4T CTHRMELIEL R
L7z e, FauotkrsyFNFTIEYVY
X, ZOHMEMRpHO 1IEIZHA L TWwiz,
TEERREZE S L ORI IEDO MR % 7R EC
& BRI, 2005), MR E LK<, EHRK
SrOfEA E —B L 7z ATEUT A e AT 1
TYEYVTIEL, 73T A VT LD bKE
IR A B LR\ CTd 5 1 REMEDS RO
LNz,
DLEossiifERe2Z12 LT, RRBRICHW
Z/NIHEH (£2) oML, FE/KRD RS
NHURDBERDPST VEZTHRERE LR
REROFHHEOEFLLTVEY VIICHNY
LEMEFEEIC Lz, $72, pHOHfEE 5812
P L7,

3. FELEER

AW TIE, EEEIMREDHEAED 720 12
R bHEMHEROREMFZRF SEDH T
EERE—OHMIZL TV, REMETDREIFIC
By MEan, FRsRE L ORRR L D SR
L7 2 W CONMIHEE I L 720 20

RS, BIERIT347% L), MEIFE L HE
TERBLIZTYEY VY T068% & DI FESF
e e oz UNUEIEA, 2011),

RO WERIEE I X 5 5FHE1E, ERYET
3HIA3d % (Bae et al.2009;Ishii et al,2005; 1% 4
K, 2000), Baeld, FavtrFN\F7VEY
VT OSERME T & MRS, 1%NaOCl % v 72
TEF~NOFIZ L > THEFIHEDL T L 2 fERL
ThBh, BFLAETOFa—20500%RIZIE,
Ga3 (YL VM) ZHRMLTw% (Bae et
al.2009). Ishii 5%, 1 4 M ® BAP (6- x> ¥
VT3 ) HED MSEH#T, K
FoTa s a— AFEENLTEFEHDL T
% (Ishii et al,2005). 4 KRi%, kb 47
HEORPFEFZMHEHL T, SVEV2S5E %
W 1/3MS EREEH THRF 2R L THBH, £
%, 02 mg/L ® BAP Z iR L 72356128V T
BEOY2— FzliEsE, RomEI2idrn
EVEEELVEHSHE LW L AHERRL T
W5 (fExAK, 2000)s 2D 3HEDAT o 7o HER
B TIE, 79 AaNTORFBLIV Y 2—
F O HEBRIZOVTELO TN HDOD,
EH L 728 O3B B RS T O R FALIZHLY) H
INTWZw,

Harvais &, 7V E) VU EHYO L ¥
(Creginae) O5EHFET% F\ T Bz A b
HAZ YRR A EEETERICAEE - &7
EREEALI L ERL TS (Harvais, 1982)s
T/, Woix, 7vEY VY (C macranthos
var. speciosum) ,x 7 4 7 v ) Vv (C
macranthos var. hotelatsumorianum) , L 7 ~

7€) VY (C macranthos var. rebunense)
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DT VEYVTEIMIZONT, RIFET
FHZ BAP % 02 mg/L Z N L 755 1 CTH3F &
TS A, 1996), ko X Hiz, F3
TR ENFTIVER)YTEELTYEY VY
JEAEY) O MR IR 2 & 5383 T, MR ER
e (AT, 1998 H ARAEWY Rs 254 -
H A KB kB #2574%, 1993) & FEARAYIC H v
THFEZMED TVLHNL D, YOS
FT—MIIHH S 2 M R R E B o F1)
R, R Z2IRZE S X 2 REARAE) O 22K
BROFEZMETAIZEPAMONTEY (HA
TP EE 2 - H AR RS 254, 1993),
e S PR A A O B A 1507 2 B IS L 72 RIS
HED D B o

ARIFZEN A 72 GRAFAE 113 A s & B A &
N2 HTBY), BFELAH T o—>
HTIE v, 72, MYRERGWEZ &%
VNIHE A FHWCB Y, HikaiEmEY o B
IR EDLLEIIBWT, BRENEW &
525

2014 4E 3B X OY 2015 4F | CHRFE S 7o PR A7 1
MR FE BRI ML A Z2AE R, B R
550 H205 800 H £ ToOMMIZWrikag 12 583
MHREFR SN, ZEHFEHIT 15% &40, FIEHH
ROTEFDOFIFE347% L I L THEIK
oz MEIFVWITNLEHET 2 HW T
5703, FEHOTE T X2 & 17D 3 BRFE 2
LELICHEERAREZIToTBY, RAEETIZE
A TR T 2 BRI L 72 72 I PR AL 2 4T >
TWwh, ¥/, BEMOFa vy FNFTY
YV URFEEIERENCH Y, AHERH
At THERE S M7CHEM IR D R B AR & B 11
DREFEARDZED S EIND, Thbnl L
OWIEFERIEE L RIT LoD LRI N
2, S ORKBEREISFEORRERIZE S LD
PIZOWTIEHEYITE T, SHBROBETH %,
¥ 72, Zeng X TV E YV VB DA Fl T
&, WAL L) QRFENRNT LD, £
COMETRENTWVDLEHIELTHY (Zeng
et al,2014), WEIZKIFETZH 72TV EY
V7 DFEIFABRTIL, FEHFEA68% T - 72 (V)
I, 2011) 2%, AREFFETIEMEDRS L
TWiz720, [FEEMIC X 5 RPFE T 03k

FfTbhahrolz, Gk, MFOREIZLLTF 2
TR VENFTVEY)VIREFONMREEDL
&b AR A JIAMRE 2 72— D ORET R
Bl D,

PRAFTE T % SBRBHAG AT IS BEM SR B L 72 & 2

ol 2 T FSMENTER L T b b 0%
BRoN, T2, MEOTICHETE 2K
Lo, EndbBt L Tz, RIf%ET
To 72383 BT, TR E1T - 721212,
MU BRI IR L 2 17, 2 0%, /MU
FHEG A 2380 L 720 OB, B8 IC
#2352 & TR L 7-FET ORE Tl T O IR
WIS CTRES N, BHFEHEOIELSDEZ 24T
SHLDOLMEI N, T OREERIX, KK
TUVE)VVIEBELTHELZLDTH S0
CUNLEE2, 2011), Favtkry N FT7VE
) vy BAHO ST R & 2 E \ZpHO i 2 1T
) LT, BEREFHROFREE, 5 I2HL
BT HROBAERE I CBWTEHRT2ZL05T
E7z0 T RPN, RO EBERDIKEDS
HLZD, BoIREEOICHEMTLE, Z0
W OREAIMMEL THKEEEZEHD S 2 L 255
SNTWA (B, 2003) Z&nn, F3FEh
DEPALCOREL TR A RIS 2 72 2
T, TYEY VY EERICEEICRDSFED
Shzb oL SNz,

4, BRRIEE
FavkryEFNFTYE) Y TDORENSLH
D EBEEOEALZ I LB 2N Eh b
ARWFFETIE, BGRB8 720
ABIZL, MOBREMARELY 4EOEFTL NV
WEBIL72 (1) SOZET, HOBEMERE
RHERSEHIRT L2 EATRICRD, F0
R, REET 2O RFESELHOFMPe,
BB A O R E O fI B, S 512, NEAL - 8k
FIFOENFEEARAITT 2B O A S 12
ol

W OBE % #© 2 B R A~ O HkR# ] %
HE B0, EELNLV2EEFTLANLID
W% B HICHEIS L R, REB X U4
HBPEBFLANNV2RXTEL kol 7 Y FHEY
DEEFETIE, B EMER 2RI 5 2 &1
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L0, REHEWME CHLERMAWAET S
ERFHNTEBY (i, 2000), Favtr¥
INFTYEY) VT OFERIEEICBWT LRI
WHEREZRML, EFLNL2ORWEETEHE
R ICHRAS T B 2k TEORI RSB SN
DO LRSI NI,

COMREZ, REAH,»SKEL TR
HREFORFRBRTIE, BFELLETONEE
BLANW 2 OB THBRE KA L, &5
HRFETFOH L) b EmuwEFEIELN, —
FHT, MEBEREMERETF LV DR,
COBERIZOWTAHTH L), FavtrF
INFT Y EN VO AR TIZBAERE RO T
Ve, HRZHIZL DHEFEOTREED V.
Doz iy, o oZktoEhrigs
LTWhbHDEHELELT,

KIFEIZE T, FavtkyFNFTVEY
VIDREFIZLIIHONEX EO DA, £F
LRV 2 TERE AR TZ2ZET, L0E
WEFFRPME SN, EEHL L7,

5. IEfk - g5 EF

HfE, FavkryINF7UE)VTOREYE
BT 2B D B HY, FohTIEL - 8k
FIFEOWTEAWICHE L2bDIE v, £
T, KRWFZETIE, FADEEICEBLZT Y
£V oNE b UL, 2003 5 /MLHE 2,
2011) 2> CTiro7ze TOHBEIZLD, #HE
HHRDOHIZOWT 2FEMOFIEER LT - 72
LT A, HAEIZER L 72 30 fE k2 S 7T HEHRO
2021 4E12 304 BR O FIAEAERR S 720 STHUEAR
REEHICL > THTE (GEKIZA, 2001) O
RS A, BEAALT A ENTELT L ZR
T (M3 CHOZENRLFavtyFNFTY
FYVTIZBWTY, TYEY YV TONELES
EHTELZ &ML,

AT HROMIE, FEEHEROW EFH L
FHETHEAL - Sk LT 247 o 7225, FEF RO
WERECBES L WERFERTH Y, KFkp
REMETHROEICBWTHENTHL Z &
RENTZ,

6. FIVEVFNFTTYEY Y OREEIEESE

DREHS LUSEDFE

FavtryINFTYE)VTIE, HEOE
BRiEs @ G TH b, ORI KD S
Lo T (BREEE HAREEREAAWRE,
2018)c HFICEINTHERE CX 2 HAEMIZ 1 »Fro
AT, TOZENLYBEEMLTEO VL (K
2002 ; =G, 2009) o

7' Y B O AL, [ MRS
D L WENH LD, TOHTEEE LT, [&
B4 ] (BRI, 2000) % 5 2 LA
HThDH (HRERENZEL > ¥ —, 2011/~
HiE2, 2021).

ZDHIE, IE TITH) LA P2 PRER
EORNF L REEZFHICHREEL, £ )RR
IRERE D D VEN D Lo [HEBBIMEE ]
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b CRFHRLTFREBYIHEDTBY, 4%
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RWFZE T, FEMBEEROF a7 FNF
TYEYVOEFEHNCTVEY) Y TEE
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B2 S AR S N RAFAE T 2 BRI FE 1LY
A, HAEMO TESTHERESEZITRHE L
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T ENTE (BREEA, 2020 BHE3),

PRAFAE T 7265 KL B HeA% 112 22 AR O B B
RBWZ LR, BHEFEICTLE03% &%
bo UL, AEFHLHHSRAE T 900 K2 & 45 flEfk
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WETHEDLEVIERE o7 THIZHETO
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WEME, FRMICITE A CTER L 228 ER
Wb o THFZ5EI12 X 5 & IEME RO ETT
(BRBEEEZEY ~ & —, 2011) (2 L i M IR
TEXLURRENHY, €9 7%5ERNFETHE
L 7= 38 3R 43 & R U EE 2wl & L CI%aL
TAZENTEDL, FavtryFNFTVEY
VR EOENICBAET LT VEY Y UENY)
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RWEFE DL H A ASE T D TE O PRAF RS SN
TIRENTH 5,

EE
REAEEHEHEBITRES —FE - &
ENIHE M EOMBHINE ), T oREE
WZOWTEBHZ W72z, BREA L 5B
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FEERLFA)

Photo3. Cypripedium guttatum seedlings germi-
nated from preserved seeds submitted to the
Ministry of the Environment (July 2, 2021: Akita
Prefectural Museum of Agricultural Science).
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ARTICLE INFO ABSTRACT

Keywords:
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Few evolutionary studies of the human respiratory virus (HRV) have been conducted, but most of them have
focused on HRV3. In this study, the full-length fusion (F) genes in HRV1 strains collected from various countries
were subjected to time-scaled phylogenetic, genome population size, and selective pressure analyses. Antige-
nicity analysis was performed on the F protein. The time-scaled phylogenetic tree using the Bayesian Markov
Chain Monte Carlo method estimated that the common ancestor of the HRV1 F gene diverged in 1957 and
eventually formed three lineages. Phylodynamic analyses showed that the genome population size of the F gene
has doubled over approximately 80 years. Phylogenetic distances between the strains were short (< 0.02). No
positive selection sites were detected for the F protein, whereas many negative selection sites were identified.
Almost all conformational epitopes of the F protein, except one in each monomer, did not correspond to the
neutralising antibody (NT-Ab) binding sites. These results suggest that the HRV1 F gene has constantly evolved
over many years, infecting humans, while the gene may be relatively conserved. Mismatches between compu-
tationally predicted epitopes and NT-Ab binding sites may be partially responsible for HRV1 reinfection and
other viruses such as HRV3 and respiratory syncytial virus.

1. Introduction

Human respirovirus 1 (formerly called human parainfluenza virus 1,
HRV1) is an RNA virus that belongs to the genus Respirovirus of the
family Paramyxoviridae. HRV1 is a causative agent of acute respiratory
diseases, such as common colds, acute laryngotracheobronchitis
(croup), bronchiolitis, and pneumonia, and is distributed world-wide as
the most prevalent type of the former human parainfluenza virus as well

as HRV3 (Henrickson, 2003; Karron, 2007). Epidemiological studies
showed that HRV is a causative agent for croup in children under five
years of age, among which approximately 26-74% experience HRV1
infection (Denny et al., 1983). HRV1 reinfection and HRV3 may occur
throughout life; however, the reinfection mechanisms are not exactly
known (Henrickson, 2003).

The HRV1 genome encodes six genes that are translated into seven
proteins (Karron, 2007). Among these, fusion protein (F protein) and

Abbreviations: HRV, Human respirovirus; F protein, fusion protein; HN, haemagglutinin-neuraminidase; NT-Ab, neutralising antibodies; RSV, respiratory syncytial
virus; F gene, fusion gene; BMCMC, Bayesian Markov chain Monte Carlo; ESS, effective sample sizes; HPDs, highest posterior densities; ML, marginal likelihood; BSPs,
Bayesian skyline plots; dN, non-synonymous substitution rates; dS, synonymous substitution rates; SLAC, single-likelihood ancestor counting; FEL, fixed effects
likelihood; IFEL, internal fixed-effects likelihood; FUBAR, fast unconstrained Bayesian approximation; MEME, mixed-effects model of evolution; 3D, three-dimen-

sional; BRV, bovine respiratory virus.
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haemagglutinin-neuraminidase (HN) proteins are the major viral anti-
gens (Karron, 2007). In particular, the F protein consists of a homo-
trimer and may be associated with infection of airway epithelial cells in
the host (Karron, 2007). Moreover, the existence of two conformations
of the F protein, prefusion and postfusion, have been confirmed (Yin
et al., 2006). However, detailed F protein structure is not well under-
stood (Shao et al., 2021).

Antibody responses are central to acquired immunity against viral
infections. Epitopes are classified into two categories: conformational
and linear epitopes (Van Regenmortel, 2001). Linear epitopes are
continuous amino acid sequences of the primary antigen structure.
Conformational epitopes are composed of discontinuous residues that
are in proximity on the protein three-dimensional (3D) structure. Both
epitopes are recognised by the immune system, triggering the produc-
tion of antibodies (Sharon et al., 2014; Collins and Karron, 2013; Van
Regenmortel, 2001). A previous report showed that over 90% of B cell
epitopes are conformational, and only a few are linear (Van Regen-
mortel, 2001). In contrast, due to an explicit distinction between anti-
genicity and immunogenicity, these epitopes in antigenic proteins may
not be adequately recognised by a neutralising antibody (NT-Ab)
(Sharon et al., 2014; Collins and Karron, 2013). Our previous data
suggested that the computationally predicted conformational epitopes
in the respiratory syncytial virus (RSV) and HRV F proteins do not
correspond to the NT-Ab binding sites of these proteins (Aso et al., 2020;
Saito et al., 2021). However, to the best of our knowledge, the rela-
tionship between conformational and linear epitopes and the NT-Ab
binding sites of the HRV1 F protein is not known. Moreover, the
detailed phylogeny of the viral fusion (F) gene is unknown. Therefore,
detailed molecular evolutionary analyses of the HRV1 F gene were
performed in strains collected globally, using bioinformatic
technologies.

2. Materials and methods
2.1. Strains used in this study

To better understand the molecular evolution of the HRV1 F gene,
nucleotide sequences, including the full-length coding region of the gene
(positions 5060-6727; 1668 nt for the hPIV1/USA/ATCC VR-94/1957
strain; GenBank accession No. JQ901971) was retrieved from Gen-
Bank on 11 June 2019. Among these, sequences from strains with
confirmed information on the detected/isolated years and regions were
selected. In addition, data of strains that displayed ambiguity with
undermined sequences (e.g., N, Y, R, and V) were omitted from the
dataset, providing data from 71 strains for the analysis. Homologous
sequences were identified using Clustal Omega (Sievers and Higgins,
2021). When three or more similar sequences were present, only two
among them were randomly retained, which reduced the final sequence
set to those from 66 strains.

Temporal signal analysis of the sequences from 66 HRV1 strains was
performed to determine whether the dataset was suitable for molecular
clock analysis. Maximum likelihood method was used to generate a
phylogenetic tree using molecular evolutionary genetics analysis version
7.0 (MEGA 7; for bigger datasets) software. The data were analysed
using TempEst software (version 1.5.3) (Rambaut et al., 2016).

All data are presented in Supplementary Table S1. These sequences
were aligned using MAFFT version 7 (Katoh and Standley, 2013) and
subsequently trimmed to 1668 nt based on the prototype F gene
sequences.

2.2. Time-Scaled phylogenetic analysis and phylodynamic analyses using
the bayesian markov chain monte carlo method (BMCMC)

To investigate the evolution of HRV1 strains, a time-scaled phylo-
genetic analysis of full-length sequences of the HRV1 F gene was con-
ducted using the Bayesian Markov chain Monte Carlo (BMCMC) method
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in BEAST (version 2.4.8) (Bouckaert et al., 2014). To select a suitable
substitution model, jModelTest program (version 2.1.10) was used
(Darriba et al., 2012). The path-sampling implemented in the BEAST
package was used to determine the best of four clock models (strict
clock, exponential relaxed clock, log-normal relaxed clock, and random
local clock) and three prior tree models (coalescent constant population,
coalescent exponential population, and coalescent Bayesian skyline).
The TrN + I substitution model, log-normal of the relaxed clock model,
and coalescent exponential from the tree prior model were used for
BMCMC analysis of all strains. An BMCMC tree was constructed using
BEAST software with the obtained strains and selected models. We
analysed the MCMC chains for the 100,000,000 steps with sampling
performed after every 2000 steps. To confirm convergence, the effective
sample sizes (ESS) were evaluated using Tracer (version 1.6), and values
above 200 were considered acceptable. After burn-in of the first 10% of
the trees, a maximum clade credibility tree was generated using
TreeAnnotator (version 2.4.8) in the BEAST package. The BMCMC
phylogenetic tree was visualised using FigTree (version 1.4.03), and the
95% highest posterior densities (HPDs) of all internal nodes were
computed. Moreover, strain clustering in the constructed phylogenetic
tree of the HRV1 F gene followed the illustrated tree topology. Simul-
taneously, the evolutionary rates of the 66 HRV1 strains and strains of
each lineage determined by the BMCMC phylogenetic tree were esti-
mated using the BMCMC method, and the values were confirmed using
the Tracer software. The marginal likelihood (ML) values for model
selection and the detailed parameters of the BMCMC analyses are shown
in Supplemental Tables S2 and S3. The statistics calculated by Tracer for
each dataset are listed in Supplementary Tables S2-S6. Statistical
analysis for comparing evolutionary rates between the lineages was
performed using the Kruskal-Wallis test with the EZR software (Kanda,
2013). The evolutionary rates sampled every 2000 steps from the MCMC
chains after discarding the 10% burn-in (45,001 samples) were used for
statistical analysis. Statistical significance was defined as p < 0.05. Past
genome population dynamics of the HRV1 F gene were examined using
Bayesian skyline plots (BSPs) in BEAST. A coalescent Bayesian skyline
was selected as the prior tree model.

2.3. Phylogenetic distance calculation

The phylogenetic distances among all HRV1 strains were analysed to
estimate F gene diversity. A phylogenetic tree of all HRV1 strains was
constructed using the ML method with MEGA7 software (Kumar et al.,
2016), and branch reliability was supported by 1000 bootstrap repli-
cations. The jModelTest program was used to select the best substitution
model for the ML method. Subsequently, the phylogenetic distance of
the ML tree was calculated using Patristic (Fourment and Gibbs, 2006).

2.4. Selective pressure analyses

The selective pressure sites for the F protein of HRV1 were analysed
by calculating the non-synonymous (dN) and synonymous (dS) substi-
tution rates at each amino acid site using the Datamonkey web server
(https://www.datamonkey.org/) (Weaver et al., 2018).
Single-likelihood ancestor counting (SLAC), fixed effects likelihood
(FEL), internal fixed-effects likelihood (IFEL), fast unconstrained
Bayesian approximation (FUBAR) (Murrell et al.,, 2013), and the
mixed-effects model of evolution (MEME) (Murrell et al., 2012) were
used to estimate positive selection sites, whereas, SLAC, FEL, IFEL, and
FUBAR were used to predict negative selection sites. The positive
(dN/dS > 1) and negative (dN/dS < 1) selection was determined based
on the p values (p < 0.05) for SLAC, FEL, IFEL, and MEME and on the
posterior probability values (> 0.9) for FUBAR.

2.5. Modelling of three-dimensional structure of the HRV1 F protein

Experimentally validated 3D structure of the HRV1 F protein is not
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available. Hence, we employed a homology modelling method to
construct trimeric structural models of the prefusion F protein of HRV1
for representative strains from each group, determined using the
BMCMC phylogenetic tree (prototype, ATCC VR-94/USA/1957 strain,
JQ901971; lineage 1, HPIV1/WI1/629-008/1997 strain, JQ901978;
lineage 2, HPIV1/WI/629-007/1997 strain, JQ901979; and lineage 3,
HPIV1/USA/629-D02161/2009 strain, KF687308). The cryo-electron
microscopy structure of HRV3 F protein (Protein Data Bank accession
ID: 6MJZ) was selected as the template based on the results from BLAST
web server (Shao et al., 2021). The amino acid sequences of each strain
and template were aligned using MAFFT. The percentage sequence
identity of each strain to the template was calculated using Clustal
Omega. Based on the template sequence, 3D structures were constructed
using Modeller software (version 10.2). The generated models were
assessed by Ramachandran plot analyses using WinCoot implemented in
the CCP4 package, and the models with the best scores were selected.
Energy minimisation of the generated structures was performed using
GROMOS96, which was implemented in Swiss PDB Viewer (version
4.1.0) (Guex and Peitsch, 1997).

2.6. Analyses of conformational and linear epitopes and amino acid
substitution sites

To accurately analyse the pressure of human immune defence
against the natural state of the HRV1 F protein, epitopes in the trimeric
prefusion state were predicted. The conformational epitopes of the
constructed models were analysed using Disco-Tope (version 2.0)
(Kringelum et al., 2012), ElliPro (Ponomarenko et al., 2008), SEMA
(Shashkova et al., 2022) and SEPPA (version 3.0) (Zhou et al., 2019)
with cut-off values of —3.7, 0.5, 0.76, and 0.064, respectively. The ac-
curacy of the analyses was also supported by the consensus sites pre-
dicted by more than three of the four methods, and regions with residues
close to two of the sites on the trimeric structure models were deter-
mined as conformational epitopes. Subsequently, the linear epitopes
were analysed using LBtope (Singh et al., 2013) and BECEPS (Ras Car-
mona et al., 2021), BepiPred (version 2.0) (Galgonek et al., 2017) and
ABCpred (Saha and Raghava, 2006). Cut-off values were set as 80%

10.0
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(LBtope), 0.5 (BECEPS), 0.5 (BepiPred 2.0), and 0.51 (ABCpred),
respectively.

Regions that had more than 10 continuous amino acids and were
estimated in common by at least three of the four methods were regar-
ded as linear epitopes. Finally, the predicted and previously identified
epitopes were mapped onto the constructed, pre-fusion F protein models
using PyMOL (version 2.3) (WL, 2002.).

3. Results

3.1. Time-Scaled phylogenetic analysis and phylodynamic analysis of the
HRV 1 F gene using the BMCMC method

To estimate the time-scaled evolution of the HRV1 F gene, a phylo-
genetic tree was constructed using the BMCMC method. In this study, we
used only the sequences from HRV1 strains (66 strains) that were
detected in humans, because sequence data from bovine respiratory
virus (BRV) type 1, which may be a common ancestor of both BRV and
HRV, were not available. Before constructing the BMCMC tree, the
temporal signal of the dataset was estimated using TempEst (version
1.5.3). The plots of root-to-tip genetic distance against sampling time
exhibited a positive correlation between genetic divergence and sam-
pling time, and the R square value was calculated as 0.87 (Figure S1).
These results suggest that the dataset of the 66 HRVI1 strains was
adequate for molecular clock analysis. Hence, we used this dataset to
carry out the BMCMC method.

As shown in Fig. 1, a common ancestor of the HRV1 prototype strain
(hPIV1/USA/ATCC_VR-94_1957; GenBank accession No. JQ901971)
and other existing HRV1 strains diverged in 1957 (95% HPD,
1956-1957), resulting ultimately in the formation of three major line-
ages 1-3. After the first divergence in 1957, strains belonging to lineage
1 further diverged from a common ancestor of strains belonging to the
three lineages in 1992 (95% HPD, 1989-1994), and the opposite side of
lineage 1 diverged into lineages 2 and 3 in 1994 (95% HPD,
1991-1996). Currently, strains belonging to lineage 3 are widespread
and form several clusters.

Next, the evolutionary rate of HRV1 F gene was estimated (Table 1).

USA/ATCC_VR-94_1857

= lineage 3

2004

:cc_r

1997
1994
lineage 2
1992

lineage 1

r T T T T

1940 1950 1960 1970 1980

1990 2000 2010 2020

Fig. 1. Time-scaled evolutionary tree of the full length Human respirovirus 1 (HRV1) fusion gene constructed by the Bayesian Markov chain Monte Carlo
(BMCMC) method. The scale bar represents time (years). Green bars indicate the 95% highest posterior density (HPD) for each branch year.
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Table 1
Evolutionary rates of all HRV1 strains and each lineage.

Evolutionary rates (95% HPD) Effective sample
(substitutions/site/year) size

All strains (66 8.504 x 10~ (7.003 x 10~* to 1.0008 x 220

strains) 107%)

Lineage 1 (6 - -
strains)

Lineage 2 (23 6.580 x 107* (4.784 x 107* t0 8.4595 x 4053
strains) 1079

Lineage 3 (36 1.205 x 1072 (7.159 x 10 * t0 1.6866 x 954
strains) 10’3)

The evolutionary rate of all strains was estimated to be 8.504 x 10™*
substitutions/site/year (s/s/y) (95% HPD, 7.003 x 10™* to 1.0008 x
103 s/s/y). The calculations for each of the above lineages showed that
the evolutionary rate of strains belonging to lineage 2 was 6.580 x 10~*
s/s/y (95% HPD, 4.784 x 10™* to 8.4595 x 10* s/s/y), and that of
strains belonging to lineage 3 was 1.205 x 10~> s/s/y (95% HPD, 7.159
x 107% to 1.6866 x 107> s/s/y). The evolutionary rate of the strains in
lineage 1 with the same detection year (1997) was not calculated. The
evolutionary rate of strains belonging to lineage 3 was significantly
higher than that of strains belonging to lineage 2 (p < 2 ~ '), which may
indicate that strains belonging to lineage 3 are more adapted to humans,
although the mechanisms underlying the significance of these values are
not known.

3.2. Phylodynamics of the HRV1 F gene using the bayesian skyline plot
(BSP) analysis method

As shown in Fig. 2, the phylodynamics of the F gene in HRV1 strains
were analysed using the BSP analysis method to detect fluctuations in
effective population size. The genome population size of all the strains
doubled between 1995 and 2008 (Fig. 2A). Similarly, strains belonging
to lineage 2 showed a two-fold increase in genome population around
2003 and 2008 (Fig. 2B). In contrast, in lineage 3, a steep increase in
genome population size was observed, even though it occurred only
once around 2008 (Fig. 2C). Because the detection year of the strains
belonging to lineage 1 was the same (1997), we could not calculate the
genome population size of this lineage. To summarise the results of these
BSP analyses, the rapid increase in genome population size around 2008
for all strains was speculated to be mainly due to an increase in the
genome population size of lineage 3.

3.3. Phylogenetic distances calculation of the HRV1 F gene

The phylogenetic distance and distribution between strains were
evaluated based on their nucleotide sequences. A histogram of the dis-
tances between the sequence pairs of all the strains revealed a bimodal
distribution (Fig. 3). Furthermore, histograms of lineages 1 and 2
showed bimodal distributions, although the apparent phylogenetic

(@ )
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distances of lineage 1 may not represent the phylogenetic distances of
the actual lineage, owing to the small sample size (Fig. 3B and 3C). In
contrast, the histogram of lineage 3 showed a unimodal pattern
(Fig. 3D). The mean distance (+ SD) between each pair of F gene
sequence in the 66 HRV1 strains examined in this study was 0.018575 +
0.01227. The results of the study showed that lineages 1, 2 and 3 had
phylogenetic distances of 0.0022 + 0.0012, 0.0073 + 0.0030, and
0.0092 + 0.0058, respectively. Thus, the phylogenetic distance for each
of the lineage was less than 0.02, suggesting conservation of the F gene
sequence.

3.4. Homology modelling

To visualise the relationship between NT-Ab binding sites and pre-
dicted B-cell conformational epitopes, we constructed the homotrimer
(chains A, B, and C) of the HRV1 pre-fusion protein structure (Fig. 4).
The amino acid sequence of the template covered amino acids 24-98
and 126-550 in each strain (Fig. 5). In this range, the amino acid resi-
dues on the protein surface were the same between representative
strains of lineages 1-3. Moreover, from homologous analysis using
Clustal Omega, the percentage sequence identity value of the prototype
strain against the representative strains was high (96.8%). Hence, we
presented the prototype structural model alone and showed the sites
where amino acid substitutions occurred in representative strains from
lineages 1 to 3 (Figs. 4 and 5). Both the prototype and lineage 1 repre-
sentative strains had the same sequence identity (44.3%) as the
template.

3.5. Selective pressure analyses of HRV1 F protein

The rates of dS and dN substitutions were estimated using the
DataMonkey web server to identify the positive and negative selection
sites of F proteins in all 66 strains (Table S7). Only one method (FUBAR)
predicted a positive selection site (amino acid residue 5), and the other
four methods identified no positive selection sites. Thus, a positive se-
lection site of the F protein is absent. In contrast, many negative selec-
tion sites were identified (Table S7). Among them, four negative
selection sites (amino acids 150, 382, 460, and 473) were detected using
all methods employed (Fig. 5).

3.6. Analyses of B-Cell epitopes and amino acid substitution sites

The amino acid substitution sites, NT-Ab binding sites, and predicted
epitopes are shown in the HRV1 F chain A amino acid sequences and the
trimeric structural model of the prototype (Figs. 4 and 5). First, the
amino acid substitution sites in the F protein chain A among the pro-
totype strain and the representative strains of lineages 1, 2, and 3 were
compared. Seventeen amino acid substitutions were common in lineages
1, 2, and 3 (Fig. 5 and Table S8). An amino acid substitution unique to
lineage 1 is present in GluSLys. Moreover, four amino acid residues

©

Effective population size
Effective population size

0 f

o ff

Effective population size

20
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Fig. 2. Bayesian skyline plot for the Human respirovirus 1 (HRV1) fusion gene. Each panel illustrates the phylodynamics of all 66 strains (a), lineage 2 (b), and
lineage 3 (c). Y and x-axes indicate the effective population size and time in years, respectively. Thick black lines show the median values over time; thin blue lines

represent the 95% highest posterior density (HPD) intervals.
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180°

Fig. 4. Structural models of the prefusion protein of USA/1957 strain.
Chains of the trimeric structures are given in white (chain A), light grey (chain
B), and dark grey (chain C). The conformational and linear epitopes have been
indicated in green and blue, respectively. Areas where the conformational and
linear epitopes overlap are shown in purple. Experimentally identified epitopes
(neutralising antibody binding sites) are indicated in red, and those overlapping
with the conformational epitope are coloured yellow.

(Thr493Lys, Val526Thr, Met545Ile, and Arg546Lys) showed sub-
stitutions that were unique to lineage 3. However, some of the common
substitution regions of these amino acid substitution sites are not located
on the surface of the 3D structure. Similarly, uncommon substitution
residues between lineages 1 and 3 were not present in the 3D structural
model. Thus, only seven residues (Glu63Gln, Ile155Val, Leul63Phe,
Asn184Asp, Arg338Lys, Arg410Lys, and Arg442Gly) of the common
substitution regions in each lineage were located on the surface of the 3D
structure model.

Next, conformational and linear B-cell epitopes on HRV1 F protein
were analysed. Six conformational epitope sites and seven linear epitope
sites were identified for the prototype HRV1 F protein chain A (18
conformational epitopes and 21 linear epitopes in the trimeric structure)
(Figs. 4 and 5 and Table S9). No amino acid substitutions were found at
these sites of strains in lineages 1, 2, or 3, whereas only one residue
substitution (Glu63Gln) was found near one of the predicted confor-
mational epitope sites (Fig. 5). Notably, in the HRV1 F protein chain A,
five of the six conformational epitope sites and all the linear epitope sites
failed to coincide with the experimentally determined NT-Ab binding
sites, whereas only one residue of the conformational epitope (aa 473)
coincided (Fig. 5). This mismatch may be a possible mechanism by
which HRV1 can reinfect humans.

4. Discussion

Evolutionary studies of HRV have been reported (Bose et al., 2019;
Mao et al., 2012; Mizuta et al., 2014), but most of these focus on HRV3
(Mao et al., 2012; Mizuta et al., 2014). A few reports regarding the HRV1

—100—
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F gene have been published involving domestic or partial F gene ana-
lyses (Ambrose et al., 1995; Aso et al., 2020). To study the detailed
molecular evolution of the full-length F gene in HRV1 strains from
various countries, we performed time-scaled phylogenetic, genome
population size, and selective pressure analyses on the gene, as well as
antigenicity analysis of the F protein. From the time-scaled phylogenetic
tree, constructed using the BMCMC method, it was estimated that the
common ancestor of the HRV1 F gene diverged in 1957 and that their
progenies continuously evolved and formed three lineages (lineages
1-3, Fig. 1). Strains belonging to lineage 3 predominate in various
countries. Second, phylodynamic analyses using the BSP method
showed that the genome population size of the F gene doubled over
approximately 80 years. Third, phylogenetic distances among the strains
were short (< 0.02; Fig. 3). Finally, no positive selection sites were
detected in the F protein, whereas many sites were identified as negative
selection sites. Moreover, five sites of the six conformational epitopes
and all linear epitopes in each chain of the F protein lacked correspon-
dence to the NT-Ab binding sites (Figs. 4 and 5). These results suggest
that despite the apparent conservation, the HRV1 F gene has evolved
over many years. Yet, the conformational and linear epitopes did not
correspond to the NT-Ab binding sites in either the pre or postfusion
forms of the protein. This mismatch may be partially responsible for
HRV1 reinfection and may extend to related viruses, such as HRV3 and
RSV.

A phylogenetic analysis of HRV1 F gene was performed using the
BMCMC method. It revealed that this gene continuously evolved and
formed three lineages with many clusters (Fig. 1). Our previous report
showed full-length F protein genes in HRV1 among patients with acute
respiratory infections in Eastern Japan during 2011-2015 (Tsutsui et al.,
2017). Phylogenetic analyses using the ML method showed that HRV1
strains formed three lineages and that the lineage 3 strains were domi-
nant during the investigation period (2011-2015). This finding is
consistent with the results of the present study. However, the
time-scaled phylogeny of the HRV1 F gene was not assessed in the
previous study (Tsutsui et al., 2017). Here, time-scaled phylogenetic
analyses were done using the BMCMC method. As a result, the

divergence year of a common ancestor and each lineage was estimated
(Fig. 1). Although the analysed gene was distinct, our previous report
suggested that the HRV1 haemagglutinin-neuraminidase (HN) glyco-
protein gene (full-length) isolated from Yamagata prefecture, in north-
ern Japan, was classified into two lineages and formed many clusters
using  different phylogenetic  analysis methods, including
neighbour-joining and ML methods (Mizuta et al., 2011, 2014). Thus, to
the best of our knowledge, the present study may be the first time-scaled
phylogenetic analysis of the HRV1 F gene based on full-length sequences
from globally collected strains. However, the present study has some
limitations, including, the relatively small number of strains used. This is
due to the paucity of studies on HRV1 molecular epidemiology. Another
limitation is selection bias owing to the limited number of countries
studying HRV1 and HRV3 (Aso et al., 2020).

The evolutionary rate of the HRV1 F gene has also been estimated.
The mean evolutionary rate was 8.504 x 10~* s/s/y. This is similar to
the rates reported for the F genes of HRV3 and RSV (Aso et al., 2020).
Furthermore, the evolutionary rate of HRV1 strains belonging to lineage
3 was found to be faster than that of lineage 2, whereas a previous
evolutionary study on the HRV3 F gene did not find this difference (Aso
et al.,, 2020). Moreover, these findings were not found for the RSV F
gene, a virus belonging to a different genus and species (Saito et al.,
2021). Thus, these findings were only observed for HRV1 F gene, which
to the best of our knowledge, is the first report of lineage differences in
evolutionary rate. In addition, the rapid evolutionary rate reflects short
generation times and/or strong positive selection, which may generate a
phenotype that is more adapted to the host (Collins and Karron, 2013).
Together, the strains belonging to lineage 3 were more adaptive to
humans and could become dominant strains, although our study did not
address the mechanisms underlying the difference in the evolutionary
rate.

The mean phylogenetic distance of the F gene HRV1 strains was
approximately 0.02 (Fig. 3). This agrees with our previous study of
Japanese strains, which reported a phylogenetic distance for the HRV1 F
gene of 0.026 (Tsutsui et al., 2017). Moreover, the distribution of dis-
tances in our study was similar to that in previous reports on the HRV3 F
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gene (Aso et al., 2020) as well as the HRV3 HN gene (Mao et al., 2012;
Takahashi et al., 2018). These data suggest that the diversity of various
viruses carrying the F gene may be similar and restricted within each
species. With its high conservation and pivotal role in entry, the HRV1 F
protein can be an attractive target for prophylaxis therapy, as it does for
RSV F protein (Battles and McLellan, 2019).

Phylodynamic analyses of HRV1 F gene (Fig. 2) showed that the
genome population of the gene has doubled over approximately 80
years. These fluctuations corresponded to the emergence of strains
belonging to lineages 2 and 3 (Figs. 1 and 2). Our previous report
showed that the genome population size of HRV3 F gene increased only
once between 2000 and 2010 (Aso et al., 2020). Thus, genome fluctu-
ations between HRV1 and 3 were different.

The selective pressure analyses of the HRV1 F gene did not reveal any
positive selection sites for the present strains, whereas many negative
selection sites were identified. In general, positive selection sites reflect
escape from host defence mechanisms, such as cellular or humoral im-
munity (Barreiro and Quintana-Murci, 2010). Thus, HRV1 F protein may
not be affected by such defence mechanisms. Conversely, negative se-
lection sites may act to prevent deterioration of antigenicity (Holmes,
2013; Loewe, 2008). These findings may reflect the essential role the
HRV1 F protein plays in host cell infection. Similar findings have been
reported for the HRV3 F protein (Henrickson, 2003; Tsutsui et al., 2017).
The negative selection sites of the HRV1 F protein were clustered near
predicted epitopes, based on the 3D structural modelling. This indicates
that these sites play important roles, for example, in the cellular receptor
binding domain.

Finally, we analysed the amino acid substitutions and conforma-
tional and linear epitopes in the HRV1 F protein and evaluated their
relationship with the NT-Ab binding sites (Figs. 4 and 5). Notably, amino
acid substitutions were not estimated for computationally predicted
epitopes or NT-Ab binding sites. Furthermore, almost all experimentally
determined NT-Ab binding sites were incompatible with the computa-
tionally estimated conformational epitopes and linear epitopes. Anti-
body responses play a pivotal role in virus neutralisation or elimination,
and antigenicity and immunogenicity differ explicitly (Collins and
Karron, 2013). Conformational and linear epitopes may stimulate the
production of antiviral antibodies (Lo et al., 2021; Sharon et al., 2014).
In contrast, predicted epitope sites on antigenic proteins may not be
adequately recognised by NT-Abs, which might mean that these pre-
dicted epitopes have weak potential for producing NT-Abs (Collins and
Karron, 2013; Lo et al.,, 2021; Sharon et al., 2014). Thus, in-
compatibilities between NT-Ab binding sites and predicted epitopes may
indicate low immunogenicity of the F protein and may be partially
responsible for HRV1 reinfection, as has been reported for reinfections
with HRV3 and RSV (Aso et al., 2020; Saito et al., 2021). However, the
paucity of antigenic/antibody complex structures may lead to a
mismatch between the NT-Ab binding sites and the predicted epitopes.
Hence, the interpretation of the computationally conducted epitope
analyses in this study may be limited, although conformational and
linear epitopes were investigated using multiple computational methods
for increased accuracy.

5. Conclusions

In this study, molecular evolutionary analyses of HRV1 F gene were
performed based on full-length sequences collected globally. The time-
scaled phylogenetic tree generated by the BMCMC method estimated
that the common ancestor of the HRV1 F gene diverged in 1957, and that
their progenies have continuously evolved and formed three lineages.
The phylodynamic analyses using the BSP method showed that the
genome population size of the F gene doubled over approximately 80
years. The phylogenetic distances among the strains were short with no
positive selection sites. Almost all conformational and linear epitopes in
the F protein did not correspond to NT-Ab binding sites. These results
showed that the HRV1 F gene has evolved over many years, although the

Virus Research 333 (2023) 199142

gene may be relatively conserved. Moreover, incompatibility between
predicted epitopes and the NT-Ab binding sites in both the pre and
postfusion forms of the protein may be responsible for HRV1 virus
reinfection, as well as reinfections with HRV3 and RSV.
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Abstract: To understand the evolution of GII.P6-GIIL.6 and GII.P7-GIL6 strains, the prevalent human
norovirus genotypes, we analysed both the RdRp region and VP1 gene in globally collected strains
using authentic bioinformatics technologies. A common ancestor of the P6- and P7-type RdRp
region emerged approximately 50 years ago and a common ancestor of the P6- and P7-type VP1
gene emerged approximately 110 years ago. Subsequently, the RARp region and VP1 gene evolved.
Moreover, the evolutionary rates were significantly faster for the P6-type RdRp region and VP1 gene
than for the P7-type RdRp region and VP1 genes. Large genetic divergence was observed in the
P7-type RdRp region and VPI1 gene compared with the P6-type RdRp region and VPI gene. The
phylodynamics of the RdRp region and VPI gene fluctuated after the year 2000. Positive selection
sites in VP1 proteins were located in the antigenicity-related protruding 2 domain, and these sites
overlapped with conformational epitopes. These results suggest that the GII.6 VP1 gene and VP1
proteins evolved uniquely due to recombination between the P6- and P7-type RdRp regions in the
HuNoV GILP6-GIIL.6 and GILP7-GIL6 virus strains.
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1. Introduction

Human norovirus (HuNoV) is a major causative agent of acute gastroenteritis in
humans of all ages [1,2]. Previous epidemiological data suggest that HuNoV may be
associated with 30-60% of patients with gastroenteritis [3-5]. Moreover, this agent has
caused large outbreaks of food poisoning worldwide [6,7]. However, effective vaccines and
antiviral agents are not available at present [7]. Therefore, this agent may be a public health
concern [8].

The HuNoV genome is a single-stranded plus-sense RNA with an approximately 7.5 kb
nucleotide sequence [9]. The genome contains three open reading frames (ORFs): ORF1,
ORF2, and ORF3 [9]. ORF1 encodes six nonstructural proteins designated as nonstructural
proteins (NS) 1/2-7 [9]. Of these, the NS7 region encodes the RNA-dependent RNA
polymerase (RdRp) protein, while ORF2 and ORF3 encode structural proteins, such as viral
protein (VP) 1 and VP2, respectively [7,9]. The VP1 protein acts as an antigen and also
shows large antigenic variations [6], although it is not exactly known.

Previous genetic and molecular epidemiological studies have suggested that the
HuNoV genome shows large genetic divergence [8]. Currently, HuNoV is classified into
three genogroups: genogroup I (GI), genogroup II (GII), and genogroup IV (GIV), with
many genotypes based on the genetic divergence of VP1 [10]. Due to the relatively frequent
recombination between ORF1 and ORF2 [11,12], dual nomenclatures such as GII.P6 (RdRp
genotype)-GIL6 (VP1 genotype) have been used, utilizing both the RdRp region and VP1
gene for genotyping [10,13]. To date, 60 and 49 types of RdRp (P-types) and VP1 genotypes
have been identified, respectively [10]. Moreover, genogroups and genotypes may be
associated with disease severity [14]. Furthermore, recombination between ORF1 and ORF2
has resulted in many chimeric viruses [12]. However, the role of these chimeric viruses
remains unknown.

Molecular epidemiological data on HuNoV infections in humans suggest that certain
GI and GII genotypes are prevalent [15]. These reports also show that GII HuNoV is more
dominant than GI HuNoV [15]. Of these, some GII genotypes corresponding to VP1 geno-
types, such as GIL.2, GIL.3, GIL.4, GII.6, and GII.17, are prevalent types [16-19]. However,
these epidemiological data may not explain the reasons for the HuNoV epidemics.

Recently, authentic bioinformatic technologies have been used in population genetics,
including the study of the evolution of various viruses [20]. Indeed, these methods may
allow us to estimate the phylogeny, genome population, and antigenicity using three-
dimensional antigen structures. Information that reflects viral evolution may contribute
to a better response to these questions. We studied the molecular evolution of chimeric
HuNoV, such as GII.P17-GIL.17, GIL.P2-GII.2, and GII.P16-GII.2, which have caused major
outbreaks in many countries [21-23]. However, such studies have not been performed
on other GII genotypes to better understand GII HuNoV. In norovirus infections, GII.4
is the predominant genotype worldwide. However, recombinant GII.6 strains have been
circulating since the 1970s, with outbreaks reported in Japan in 2008-2009 and in the United
States and Italy in 2014-2015, with an overall prevalence second only to GII.4 [18,24,25].
Although this genotype has been reported to play an important epidemiological role in
norovirus outbreaks, the molecular epidemiological mechanism underlying these outbreaks
has not been studied in detail. Moreover, GIL6 almost always displays P6- or P7-type RdRp
genotypes [26]. Therefore, in this study, we performed a comprehensive molecular analysis
of globally collected HuNoV GII.P6-GII.6 and GII.P7-GII.6 strains.
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2. Materials and Methods
2.1. Strains Used in This Study

To analyse the molecular evolution of HuNoV GIL.6, the complete genome sequences
of HuNoV were downloaded from GenBank (last accessed on 28 December 2022). In total,
11,810 strains were collected. They were classified into genotypes using the Norovirus
Typing Tool (Ver.2.0), and GIL6 strains were selected [10]. HuNoV GIL6 data collected
from each local government public health institution were added to the dataset because
the number of GIL6 strains available for analysis, especially GIL.P6-GIL6 strains, was small.
Strains with an uncertain sequence or an unclear year of collection or area were excluded.
Finally, 141 strains belonging to GIL.6 remained and were used to analyse the molecular
evolution of VP1. Similarly, 141 strains belonging to HuNoV GIL6 were obtained and used
to analyse the molecular evolution of RdRp region. Details of the strains used in this study
are presented in Supplementary Table S1.

2.2. Time-Scaled Phylogenetic Analyses

To evaluate the molecular evolution of the present strains, phylogenetic trees of the
HuNoV RdRp region (1530 bp, excluding the stop codon) and the VP1 gene (1641-1650 bp,
excluding the stop codon) were constructed using the Bayesian Markov chain Monte Carlo
(MCMC) method in the BEAST package (v.2.6.7), as previously described [27,28]. First, the
jModelTest2 program was used to determine the suitable substitution models [29]. Second,
the path-sampling /stepping-stone sampling marginal likelihood estimation method was
used to evaluate the best of the four clock models (strict clock, relaxed clock exponential,
relaxed clock log normal, and random local clock) and the two prior tree models (coales-
cent constant population and coalescent exponential population). Although these were
performed independently for VP1 gene and RdRp region analyses, SYM-I'-I, relaxed clock
exponential, and coalescent exponential population were selected for the molecular evolu-
tionary analysis of VP1 gene. However, SYM-T, relaxed clock exponential, and coalescent
exponential population were adopted for the molecular evolutionary analysis of RdRp.
The lengths of the Bayesian MCMC chains and samples are listed in Table S2. Effective
sample sizes (ESS) were calculated using Tracer and the convergence of all parameters was
confirmed if the ESS was greater than 200. After a 10% burn-in, phylogenetic trees were
generated using TreeAnnotator (v.2.6.7) and rendered using FigTree (v.1.4.0). Representative
strains of each cluster were selected based on the most recent age of detection within the
cluster. In addition, to compare the amino acid sequences of these representative strains, the
GIL6 strain (AB039777) prototype was determined based on a previous report [10]. Molec-
ular evolutionary rates were estimated using suitable models selected for each dataset,

as described above. Statistical analyses were performed using the Kruskal-Wallis ¢-test
for EZR [30].

2.3. Phylogenetic Distance Analyses

To calculate the phylogenetic distances among the strains, we used MEGA7 soft-
ware [31]. The best substitution models were estimated using the jModelTest2 program.
The phylogenetic distances between the present GIL6 strains were calculated from the
pairwise maximum likelihood (ML) tree of the ML tree using the Patristic program [32].

2.4. Phylodynamic Analyses

To assess the phylodynamics of the GIL6 strains, the effective population sizes of
the RdRp region and VPI gene were calculated using Bayesian skyline plot (BSP) analysis
implemented in the BEAST package [27]. Similar to the Bayesian MCMC method, the best
substitution and clock models were selected. A Bayesian skyline plot and the 95% highest
probability density (HPD) were visualized using Tracer [33].

—106—



Viruses 2023, 15, 1497

4 0f 21

2.5. Selective Pressure Analyses

The non-synonymous (dN) and synonymous (dS) substitution rates at each amino
acid site were calculated to identify the selective pressure sites for the RdRp region and
VP1 gene using the Datamonkey server (https://www.datamonkey.org/ accessed on
8 October 2022) [34]. Five algorithms—single likelihood ancestor counting (SLAC), fixed-
effects likelihood (FEL), internal fixed-effects likelihood (IFEL), the mixed-effects model of
evolution (MEME) method, and the fast, unconstrained Bayesian approximation (FUBAR)
method—were used to identify positively selected sites, and all of them except FUBAR
were used to detect negatively selected sites. The significance level was set at p < 0.05 for
SLAC, FEL, IFEL, and MEME. Evidence of selective pressure for FUBAR was supported by
a posterior probability > 0.9. In the positive selection analysis, sites common to more than
four methods were regarded as positive selection sites, whereas in the negative selection
analysis, sites common to more than three methods were considered negative selection sites.

2.6. Construction of the 3D Structure of RARp and VP1 Proteins

To compare the VP1 and RdRp protein structures among genotypes, three-dimensional
(3D) structural models of VP1 and RdRp proteins were constructed for each genotype using
homology modeling. First, 3D structural models of VP1 in representative strains of each
genotype (AB039777, LC122916, MH791993, MK956199, and JX989075) were generated
using Protein Data Bank (PDB) ID: 60TF as a template. Then, five models for each VP1
genotype were generated using Modellar software (version 9.23) [35]. These models were
evaluated by Ramachandran plot analysis using WinCoot implemented in the CCP4 pack-
age [36] and the best-scoring models were chosen. Finally, the energy of the selected models
for each strain was minimized using GROMOS96 implemented in the Swiss PDB viewer
(ver4.1.0) [37]. Using a similar procedure, the models of RdRp protein in each represen-
tative strain (AB039777, LC122916, LC760173, MK956199, and JX989075) (Table S1) were
constructed using the crystal structure of RARp (PDB ID:1SHO) as a template.

2.7. Conformational B-Cell Epitope Prediction

PDB files of the crystal structures of the GII.2 VP1 protein (PDB ID:60TF) and FASTA
files of their amino acid sequences were downloaded from PDB (https://pdbj.org/?lang=ja
accessed on 30 August 2022) to use as templates in the homology modeling method. To
assess the conformational B-cell epitopes of the constructed VP1 protein models, four
methods, DiscoTope 2.0 [38], ElliPro [39], SEMA [40], and SEPPA [41], were used, with
cutoff values of —3.7, 0.5, 0.76, and 0.064, respectively. Regions with amino acid sequences
predicted by three or more of these methods and those contiguous with three or more
residues were regarded as conformational epitopes. Furthermore, conformational epitopes
were mapped onto the VP1 protein models constructed above.

3. Results
3.1. Time-Scaled Phylogeny of the RARp Region and VP1 Gene in HuNoV GIL.P6-GII.6 and
GILP7-GIL6

Time-scale phylogenetic trees were constructed based on the full-length nucleotides
of the RdRp region and VP1 gene using the Bayesian MCMC method. First, as shown
in Figure 1A, a common ancestor of the P6- and P7-type RdRp regions diverged around
December 1966 (mean; 95% HPDs, January 1941-March 1984). Subsequently, the P6- or
P7-type RdRp regions further diverged and formed clusters 1 and 3, respectively. The main
divergence times are shown in Figure 1A. The results suggested that a common ancestor of
the P6- and P7-type RdRp region diverged approximately 50 years ago and evolved.
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Figure 1. Time-scaled phylogenetic tree of the (A) RdRp region and (B) VP1 gene in GIL.P6-GII.6
(15 strains) and GII.P7-GIL6 strains (126 strains) of the human norovirus (HuNoV) constructed using
the Bayesian MCMC method. The divergence times with 95% highest probability densities (HPDs)
are indicated on the phylogenetic tree.
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Next, as shown in Figure 1B, a common ancestor of the GIL.6 VP1 gene diverged
around March 1904 (mean; 95% HPDs, September 1823—April 1962). Thereafter, the genes
diverged to form four clusters. The main divergence times are shown in Figure 1B. Fi-
nally, the GIL6 strains with the P6-type formed only one cluster, while the GII.6 strains
with the P7-type formed three independent clusters. Furthermore, this phylogenetic tree
estimated that a common ancestor of the P6- and P7-type VP1 genes diverged around
November 1982 (mean; 95% HPDs, September 1970-February 1992). Thus, this time may
be estimated as a recombination event between the GILP6-GIL6 and GII.P7-GIL6 genomes
in the present strains.

3.2. Evolutionary Rates of the RARp Region and VP1 Gene in HuNoV GII.P6-GII.6 and
GII.P7-GII.6

We also calculated the evolutionary rates using the Bayesian MCMC method. As
shown in Table 1, the evolutionary rate was higher for GIL.6 VP1 than the RdRp region,
including P6- and P7-types (141 strains). The evolutionary rate was higher for the P6-type
RdRp region than the P7-type RdRp. The evolutionary rate was higher for the P6-type
GII.6 VP1 than the P7-type GIL.6 VP1. These results suggest that the RdRp region and
VP1 gene in the present strains evolved independently, and the evolutionary rates were
significantly distinct.

Table 1. Evolutionary rates of the present GII.6 strains.

Region/Gene Evolutionary Rates (95% HPDs) Compared Groups and
& (Substitutions/Site/Year) Statistical Values
All RdRp region (141 strains) 3 3 3 All RAR .
P6-type 15 strains; P7-type 126 strains 3:287 > 1077 (2489 > 1077-4.098 X 107) VZ reston
All GIL.6 VP1 gene (141 strains) _3 _3 _3 All GIL.6 VP1 gene
P6-type 15 strains; P7-type 126 strains 3:345 > 1077 (2.295 > 1077-4.419 X 107) p <0.001
P6-type RARp region (15 strains) 5.063 x 10~3 (3.525 x 10~3-6.595 x 10~3) P6-type RdRp region
VS.
P7-type RdRp region
P7-type RdRp region (126 strains) 3.022 x 1073 (2.268 x 1073-3.775 x 1073) p <0.001
GILP6-GIL6 VPI gene (15 strains) 3.725 x 1073 (1.843 x 103-5.549 x 10~3) GILP6-GIL6 VP1 gene
VS.
GILP7-GIL6 VP1 gene (126 strains) 3.482 x 1073 (2.419 x 1073-4.568 x 1073) GIL P7-GIL6 VP1 gene
p <0.001

3.3. Phylogenetic Distances among the Present Strains

To assess the genetic divergence of the RdRp region and VP1 gene in the present
strains, we calculated their phylogenetic distances. The phylogenetic distances of the P6-
and P7-type RdRp regions and the GIL.6 VP1 gene were 0.112 £ 0.098 (mean + 1 standard
deviation [SD]) and 0.317 £ 0.259 (mean £ 1 SD). As shown in Figure 2A, the VP1 gene
showed statistically greater genetic divergence than the RdRp region (unpaired t-test,
p < 0.001). Moreover, the genetic divergence was greater for the P7-type RdRp region than
the P6-type RdRp region (unpaired t-test, p < 0.001). The detailed statistical data are shown
in Table 2.
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Figure 2. Phylogenetic distances of the (A) RdRp and VP1 regions, (B) RdRp region, and (C) VP1
gene in HuNoV GIL.P6-GII.6 and GILP7-GIL6, represented as violin plots. The width of the violin
represents kernel density, indicating the distribution shape of the data. The central thick black bar
and thin black line show the interquartile range and all data intervals, respectively. The white dot
represents the median.
Table 2. Phylogenetic distance of the present strains.
. Phylogenetic Distance Phylogenetic Distance
Region/Gene (Mean + SD) (Median [IQR])
All RdRp region (141 strains) 0.112 £ 0.098 0.082 (0.028-0.172)
All GIL.6 VP1 gene (141 strains) 0.317 £ 0.259 0.437 (0.031-0.530)
P6-type RdRp region (15 strains) 0.018 £ 0.017 0.021 (0.001-0.029)
P7-type RdRp region (126 strains) 0.078 & 0.064 0.057 (0.023-0.130)
GIL.P6-GIL.6 VP1 gene (15 strains) 0.021 £ 0.019 0.027 (0.001-0.035)
GILP7-GIL6 VP1 gene (126 strains) 0.305 £ 0.249 0.408 (0.024-0.535)

3.4. Phylodynamics of GII.P6-GII.6 and GII.P7-GIL.6

To assess the phylodynamics of the present GIL.P6-GII.6 and GII.P7-GIL6 strains, we
calculated time-scaled genome population sizes using the BSP method (Figure 3A-F). Until
approximately 2010, the genome population sizes of both the RdRp region and VP1 gene
remained constant. However, significant fluctuations in genome population sizes were
observed at around 2010-2018.
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Figure 3. Phylodynamics of the present HuNoV GILP6-GIL6 and GII.P7-GIL6 strains determined
using Bayesian skyline plot analysis. (A) Phylodynamics of the P6-type and P7-type RdRp regions;
(B) P6-type RARp region; (C) P7-type RARp region; (D) P6- and P7-type VP1 genes; (E) P6-type VP1
gene alone; (F) P7-type VPI gene alone. The y-axis shows the effective population size for each
distance, and the x-axis represents time (years). The thick line in the centre shows the median effective
population sizes, and the thin lines at the top and bottom indicate the 95% HPDs.

3.5. Positive Selection Sites in the RARp and VP1 Proteins

We analysed the positive selection sites in the RdRp and VP1 proteins to estimate selec-
tive pressure against the host. No positive selection site was detected in the RdRp protein.
In contrast, a few positively selected sites were identified in VP1. Of these, only Lys386His
was predicted in the P6-type VP1 protein, whereas Pro354Thr, Pro354Ser, Pro354GlIn,
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Asn390Thr, and Asn390Asp were predicted in the P7-type VP1 protein. These sites were
located in the protruding 2 (P2) domain of the protein (Table S4). These results suggest
that the GIL.P7-GIL.6 strains may receive stronger selection pressure from the host than the
GILP6-GIL6 strains. Amino acid substitutions were also observed in sites other than the P2
domain, but no positive selection sites were identified.

3.6. Negative Selection Sites in RARp and VP1 Proteins

In general, negative selection sites may prevent the deterioration of protein function.
Therefore, we calculated the number of negative-selection sites in these strains. Many
negative selection sites were estimated for the P7-type RdRp protein (205 sites) and P7-type
VP1 protein (274 sites). However, a small number of negative selection sites were estimated
in the P6-type RdRp protein (3 sites) and P6-type VP1 protein (8 sites) (Table 3). A few
irregularly positioned negative selection sites in the P6-type RdRp and VP1 proteins were
identified. Details of these negative selection sites are shown in Supplementary Table S3A,B.
In both the RdRp and VP1 proteins, amino acid variations in the negative selection sites
were often located in non-overlapping positions.

3.7. 3D Mapping Relationships between Amino Acid Substitutions and Active Sites of the RARp
Dimer Proteins

To better assess the relationships between amino acid substitutions and the active sites
of RdRp proteins, we constructed 3D RdRp dimers and mapped them. Within RdRp, there
were few amino acid substitutions in both the P6 and P7 types, but none were observed in
the RdRp active sites (aal82, aa242, aa243, aa300, aa309, aa343, and aa344) (Figure 4A-E).

(A) Prototype: P7-type RARp Protein (AB039777)

Figure 4. Cont.
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(B) P7-type RdRp Protein (LC122916)

Argl26Lys

(C) P7-type RdRp Protein (MK956199)

Argl26Lys

Figure 4. Cont.
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(D) P7-type RdRp Protein (LC760173)

Argl26Lys

(E) P6-type RdRp Protein (JX989075)

Figure 4. Three-dimensional (3D) RdRp protein (dimer) structure and mapping of amino acid
substitutions and active sites. Illustration shows the 3D structures of RARp protein in the prototype
and the most recent strain for each cluster. The strains in each figure are as follows: (A) a P7-
type prototype strain (AB039777); (B) a P7-type strain (LC122916) in cluster 1; (C) a P7-type strain
(MK956199) in cluster 2; (D) a P7-type strain (LC760173) in cluster 3; (E) a P6-type strain (JX989075) in
cluster 1. The chains of the dimer structure are coloured dark grey (chain A) and light grey (chain B).
Amino acid substitutions in each variant strain relative to the prototype strain are shown in blue, and
the active sites are shown in orange.
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(B) P7-type VP1 protein (LC122916)

3.8. 3D Mapping of the Positive Selection Sites and Conformational Epitopes in the VP1
Trimer Proteins

Furthermore, to better evaluate the locations of positive selection sites and conforma-
tional epitopes on the VP1 protein, we constructed and mapped 3D VP1 trimer proteins.
First, as shown in Figure 5A-E and Table 3, and Section 3.5, positive selection sites for
both P6- and P7-type VP1 proteins were located in the P2 domain. Of these, the positive
selection sites in the P7-type VP1 proteins (Pro354Thr, Pro354Ser, Pro354Gln, Asn390Thr,
and Asn390Asp) overlapped with some conformational epitopes (Tables 3 and 54), whereas
a positive selection site (Lys386His) in P6-type VP1 proteins did not. These results suggest
that the positive selection sites in P7-type GIL.6 VP1 proteins escaped amino acid mutations.
In addition, in both representative strains, amino acid mutations overlapped with the
conformational epitope at many sites.

(A) Prototype: P7-type VP1 protein (AB039777)

Figure 5. Cont.
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(C) P7-type VP1 protein (MK956199)

type VP1 protein (MH791993)

(D) P7-

Figure 5. Cont.
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(E) P6-type VP1 protein (JX989075)

180°

Figure 5. 3D mapping of the positive selection sites and conformational epitopes in the VP1 protein
(trimer). Illustration shows the 3D structure of the VP1 protein in the prototype and the most recent
strain for each cluster. The strains in each figure are as follows: (A) a P7-type prototype strain
(AB039777); (B) a P7-type strain (LC122916) in cluster 1; (C) a P7-type strain (MK956199) in cluster 2;
(D) a P7-type strain (MH791993) in cluster 3; (E) a P6-type strain (JX989075) in cluster 1. Chains of
the trimeric structures are coloured in dark grey (chain A), light grey (chain B), and white (chain C).
Conformational epitopes of each strain are indicated in green. Amino acid substitutions of each
strain are indicated in blue. Positive selection sites are coloured red. When amino acid substitutions
overlapped with conformational epitopes, the amino acid substitutions were given priority and
coloured blue. The amino acid sequences and details are provided in Supplementary Table S4.

Table 3. Number of amino acid residues of predicted positive and negative selection sites in
HuNoVGIL6.

Resion/G Number of Negative Number of Positive Estimated as Positive
egtoniizene Selection Sites Selection Sites Selective Sites
P6 type and P7 type
RdARp region 28 0 o
P6 type RdRp region 3 0 —
P7 type RdRp region 205 1 126Lys, Lys126Arg
GIL.P6-GIL6 and
GILP7-GIL6 VP1I gene 298 2 354Pro, 390Asn
GILP6-GII6 VP1 gene 8 1 Lys386His
Pro354Thr, Ser and Gln,
GILP7-GIL.6 VP1 gene 274 2 Asn390Thr and Asp

4. Discussion

To better understand the evolution of HuNoV GIL6 strains with different RdRp types
(P6 and P7), we analyzed both the RdRp region and VP1 gene using various authentic
bioinformatics technologies. First, a time-scaled phylogenetic tree showed that a common
ancestor of the P6- and P7-type RdRp region emerged approximately 50 years ago and
uniquely evolved and formed clusters. A common ancestor of P6- and P7-type GIL6 VP1
gene emerged approximately 110 years ago and formed clusters. The dominant type for
both the RdRp region and VP1 gene was P7-type (Figure 1A,B). Secondly, the evolutionary
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rates of both the P6-type RdRp region and VP1 gene were faster than those of the P7-type
RARp region and VP1 gene (Table 1). Next, the phylogenetic distances of the P7-type RdRp
region and VP1 gene were wider than those of the P6-type RdRp region and VP1 gene.
Furthermore, phylodynamic data showed that the RdRp region and VP1 gene population
sizes fluctuated after 2000 (Figure 3A-F). Some positive selection sites in the VP1 proteins
were estimated, and these were located in the antigenicity-related P2 domain. Among these,
the positive selection sites in the P7-type VP1 protein overlapped with the conformational
epitopes (Figure 5A-D and Table S4). These data imply that the GIL.6 VP1 gene and VP1
protein uniquely evolved because of recombination between the P6- and P7-type RdRp
regions in the HuNoV GII.P6-GIIL.6 and GIL.P7-GIL.6 genomes.

A previous report regarding the evolutionary analyses of the RdRp region of various
HuNoV genotypes showed that the P6- and P7-type RdRp region diverged from a com-
mon ancestor of other RdRp genotypes, including P18, P15, and P20 [42]. This report also
estimated that the divergence year of the P6- and P7-types of the RdRp region was in the
1960s [42]. This may be compatible with the present data (December 1966). Moreover, the
topologies of the previous time-scaled evolutionary tree and our tree were similar [42].
Although this and other reports did not show the evolutionary rates of each RdRp genotype,
the evolutionary rates of various RdRp genotypes were estimated as 2.52 x 1072 s/s/y
to 3.12 x 1073 s/s/y. The present data are also compatible with the data from a pre-
vious report [42]. These results suggested that the P6- and P7-type RdRp regions are
genetically related.

Next, the HuNoV RdRp region/RdRp protein may have affected the evolution of the
VP1 gene/VP1 protein [22,23]. As shown in Figure 1, the phylogeny of the VP1 gene in
GILP6-GIL6 and GILP7-GIIL.6 was clearly divided and evolved uniquely. In contrast, in the
present study, the topology of the evolutionary tree of the RARp region was similar to that of
the VP1 gene. Notably, the phylogeny of ORF1 and ORF2 was topologically similar in other
genogroups and genotypes [43]. Previous reports have also suggested that recombination
between the HuNoV genome ORF1, incorporating the RdRp region and ORF2, incorporating
VP1 gene, affects VP1 gene/VP1 protein evolution and HuNoV antigenicity [8,22,23].
For example, during the 2016/2017 season, recombination between different lineages
of the P16-type RdRp region in the GIL.P16-GIIL.2 strains occurred, and the recombinant
caused large outbreaks of acute gastroenteritis in various countries [44-46]. Moreover,
the GII.4 genotype caused a gastroenteritis pandemic between 2006 and 2012 [43,47].
Outbreaks may also be associated with recombination between ORF1 and ORF2 in GII.4
strains [48]. Based on previous and the present results, the prevalence of GILP7-GIIL.2
strains was due to the recombination of P6- and P7-type RdRp regions. Moreover, the
acquisition of new polymerases in recombinant strains may alter the evolution rate of the
VP1 gene [49]. Among Kawasaki 2014 type-detected cases, a norovirus GIL17 variant that
was predominant in Hong Kong from 2014 to 2015 was significantly more common than
GIIL.4 in elderly cases. GII.17 VP1 protein evolution is estimated to be faster (by an order of
magnitude) than VP1 gene evolution in GIL.4 [50]. This suggests that recombination may
alter the susceptibility and evolutionary rate of the VP1 protein in GII.17. Although we
did not analyse VP1 functional changes pre- and post-recombination between GII.P6 and
GILP?7 in this study, a similar effect may have occurred in the GIL.P7-GII.6 and GIL.P6-GIL6
strains. Furthermore, the evolutionary rates of the VP1 gene combined with P6- and P7-type
RARp regions were estimated as 5.063 x 1072 s/s/y and 3.022 x 1073 s/s/y, respectively.
Previous data estimated the mean rates of various GII.2 genotype strains (GIL1 to GII.22)
as 3.21 x 1073 t0 4.30 x 1073 s/s/y [51]. Thus, these values and the present data may be
similar [52]. Taken together, these findings provide information on the evolutionary history
of these viral strains and suggest that recombination events may have played a pivotal role
in their evolution.

We estimated the genetic divergence of the P6- and P7-type RdRp regions and P6- and
P7-type VP1 genes in the present strains. First, a larger divergence of P7-type RdRp regions
and P7-type VP1 genes was estimated compared to that of the P6-type VP1 gene. In the
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present study, the number of Pé-type strains was relatively small (15 strains), although
statistical analyses were performed.

We also analyzed the phylodynamics of the RdRp region and VP1 gene. The results
showed that the genome population size of GIL.P6-GIL6 increased around 2000-2003, while
the genome population size of GILP7-GIIL.6 increased after 2010 and peaked around 2014.
Previous epidemiological studies conducted in Shanghai, China and East Java, Indonesia
showed that the detection of the P7-type in HuNoV cases peaked in 2014-2015, although
the sample size was small [53,54]. Moreover, another molecular epidemiological study
suggested that GIL.6 had a biphasic prevalence between 2000 and 2005 and 2007 and
2010. Thus, the present phylodynamic data may reflect the prevalence of GIL.P6-GIL.6 and
GILP7-GIL6, although we could not determine the factors underlying these changes.

To evaluate the functional and evolutionary characteristics of the P6- and P7-type
RdRp proteins, we constructed 3D dimeric RdRp proteins and mapped them with amino
acid substitutions (Figure 4). Several amino acid substitutions were also identified. Previous
reports have suggested that some amino acid substitutions are associated with replication
efficacy [8,48]. For example, the efficacy of HuNoV genome replication is increased by
amino acid substitutions (291Thr or 291Val) in various RdRp proteins [52]. However, no sub-
stitutions in the active sites were found in the P6- and P7-type RdRp proteins. Furthermore,
both GIL.P6-GIL.6 and GIL.P7-GIL.6 RdRp proteins had a relatively small number of amino
acid substitutions and no identifiable positive selection site. These results are compatible
with previous reports investigating other genogroups (GI) and genotypes [42,55]. This
is partly because RdRp, which is not a target of neutralising antibodies, undergoes less
selective pressure from host immune systems than VP1.

We also constructed P6- and P7-type 3D trimeric VP1 proteins (Figure 5). Previous
reports have shown that the P2 domain may act not only as a host cell-binding site, but also
as a major part of the HuNoV antigen [56,57]. Therefore, amino acid substitutions in this
domain may be associated with infectivity and antigenicity [56,57]. Moreover, positively
selected sites may function as escape mutations in the host [58]. In the present study, some
conformational epitopes were identified in both RdRp-type VP1 proteins. Some of these
were located in the P2 domain. Positively selected sites were also identified. Moreover, the
amino acid positions of the conformational epitopes and positive selections between the P6-
and P7-type VP1 proteins were distinct. These results suggested that the P6- and P7-type
VP1 proteins have distinct antigenicity, and both may undergo distinct selective pressure
from host defence systems (i.e., host immunity). To our knowledge, the present study is
the first to analyse the differences in antigenicity between GIL.P7-GII.6 and GII.P6-GIL6,
although we did not examine this in vitro.

Next, we evaluated negative selection sites for the RdRp and VP1 proteins (Tables 3 and S3).
Many negative selection sites in P7-type RdRp (205 sites) and VP1 proteins (274 sites) were
estimated, while P6-type RdRp and VP1 proteins were small. In general, negative selection
sites play a role in preventing the deterioration of viral protein function [46]. Thus, the
present negative selection data may indicate the maintenance of RdRp and VP1 protein
function. Furthermore, a small number of negative selection sites in P6-type RdRp and
VP1 proteins were estimated. This may be because of the relatively small number of strains
used in this study (15 strains).

The present study has some limitations. First, it lacks in vitro and in vivo approaches.
Bioinformatics techniques are crucial in molecular evolution analyses, but they do not al-
ways reflect actual evolutionary trajectories. Our antigenicity analyses should be validated
using in vitro and in vivo approaches in the future. Second, the study included a relatively
small number of GILP6-GIL6 strains. Despite collecting additional HuNoV GIL6 data
from each local government public health institution, the number of P6- and P7-type RdRp
strains that we collected and analysed was 15 and 126, respectively. Therefore, our results
regarding the P6-type may be biased. Considering this limitation, further evolutionary
analyses should be conducted after additional P6-type strains are detected.
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5. Conclusions

In this study, to better understand the evolution of the HuNoV GIL.P6-GIL6 and
GILP7-GIL6 strains, we performed a detailed analysis of both the RdRp region and VP1
gene in these viruses using various bioinformatics methods. A common ancestor of the
P6- and P7-type RARp region emerged approximately 50 years ago and formed clusters. A
common ancestor of the P6- and P7-type VP1 gene emerged approximately 110 years ago.
Moreover, both RdRp region and VP1 gene have evolved uniquely. The evolutionary rates
of the P6-type RARp region and P6-type VP1 gene were faster than the evolutionary rates
of the P7-type RdRp region and VP1 genes. More genetic divergence was observed in the
P7-type RdRp region and VP1 gene than in the P6-type RdRp region and VP1 gene. The
phylodynamics of the RdRp region and VP1 fluctuated after 2000. Some positive selection
sites in the VP1 proteins were located in the antigenicity-related P2 domain, and these sites
in the P7-type VP1 protein overlapped with the conformational epitopes. Taken together,
the GIL.6 VP1 and VP1 proteins evolved uniquely due to recombination between the P6-
and P7-type RdRp regions in the HuNoV GIL.P6-GII.6 and GII.P7-GIL.6 strains.

Supplementary Materials: The following supporting information can be downloaded from: https:
/ /www.mdpi.com/article/10.3390/v15071497 /s1, Table S1. List of GIL.P6-GIIL.6 and GIL.P7-GIIL.6
strains used in this study. Table S2. Parameters used in Bayesian Markov chain Monte Carlo (MCMC)
analyses. Table S3a. Details of P6- and P7-type RdRp region negative selection sites in comparing
with each genotype. Table S3b. Details of GIL.P6-GIL.6 and GILP7-GII.6 VP1 gene negative selection
sites in comparison with each genotype. Table S4. Detailed amino acid sequences of the VP1 gene for
representative and prototype strains of each cluster used in this study.
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