in TIN B Al

that 16 genogroup H strams would be bound by our genogroup
H-specific primer. suggesting that the genogroup of the 20
strains could possibly be determined by the RT-PCR method
However. the two genogroup 1 strains would form mismatches
with our genogroup Lspecilic primer at the 3" werminus, which
might impede the POR. A sinular situation was observed lor
the VPO gene of the HIGE stran, which vaned from the geno-
group l-specific primer at the last nucleotide of the 3° termi-
nus. In the present study, reference strains, mcluding at least
four genogroup | (two P{2]JG2. one P[2)G3 and RotaTeq vac-
cine strains) and nine genogroup 1 strains (wo PIRJGILL one
Pl4]G2 two PIBJG3, one PIS]GH, and three PIR]GY), and 754
rotavirus samples with more than 52 clectiropherotypes recoy-
cred Trom a 25-yeur penod, representing a wide range of ge-
netic variation, could be easily genogrouped by RT-PCR, For
the rare strains, if a negative result is obtained from the RT-
PCR ussay, we would sugpest that the VPH genogroup be
determined by sequence analysis,

The association of subgroup and other genes has been dis-
cussed previously. For the associations among the VPG, VPT,
and VP4 genes, it has been noticed that G, G3, and G4
frequently are associated with P[8] and subgroup 11, and G2
frequently is associated with P[4] and subgroup 1 (17). The
association of subgroup and RNA clectropherotype has also
been reported previously for human rotaviruses of group A
(20), However, Svensson et al. reported that the subgroup
specificity could not be predicted by the migration of gene
segments 10 and 11 (29), Iurnza-Gomara et al, have demon-
strated the independent segregation of the VP4, VP6, and VP7
genes (18), and these authors also found a 1007% linkage of the
VP6 subgroup and NSP4 genotype, associntion of NSP4 geno-
type A with subgroup I and of NSP4 genotype B with subgroup
1L in commuon and reassortant human rotaviruses (16). In the
present study. excluding the five samples characterized as con-
taining rotaviruses with genogroup I+11 all of the rotwvirases
with common G- and P-type combinations, and most of those
with uncommon G- and P-type combimations, hid such gene
associations between VPO genogroups and P genotypes: P8
associsted with VPO genogroup 11, and Pl4] associated with

VP6 genogroup L Only two Pl4] strains, one P[4]G3 strain and
one Pl4)GY strain, had a VP gene of genogroup 11 Excluding
the five rotavirus samples with VPO genogroup 1411, the asso-
ciations between VPh o genogroups and NSP4 genotypes,
NSPLA being associited with genogroup | and NSPLB assoc-
ated with genogroup 11, were observed i the 23 rotvirus
strains with uncommon G oand P combinations,

1t has been !\uggt:‘-lt:ll that there are no true human \uhgnrup
1+11 or subgroup non-1 non-11 strains 1o be found and that all
such strains sre from animals (9, 14, 15). It frequently happens
that human rotaviruses reassort with animul strains, and i
increases the possibility that subgroup 1+ 11 or subgroup non-|
non-11 could be Tound in human strains. In the present sudy,
five rotavirus samples were determined to be genogronp 11
However, alter climing the PCR amplicons ol the VP6 gene,
we found that all of the clones analyeed belonged o cither
genogroup | or genvgroup 1L These rotavirus samples ap-
peared more hikely w be the result of coinfection with two
different rotavirus strains, one with genogroup Damd the other
with genogronp 11 We also used BFEISA to confirm the results
and found that these samples reacted with both subgroup [

IO Moo

specitic and subgroup Hespecitic MAbs. Furthennore: we did
not find any sequences possessing both primer sites specitic for
the genogroup | and genogroup 11 Therefore, there was no
true genogroup THID in the rotavirus samples tested in the
present study.

The RT-PCR assay established in the present study (o de-
termine the VP genogroup was suceessfully applicd o refer-
ence rotavirus strains, including RotaTeq vaccine strains, and
754 Taiwanese rotavirus strains recovered bemween 1981 and
2005, The assay appears o be a reliable and convenient
method for determining the VP6 genogroups of human rota-
viruses with a wide range of genetic vaniation.
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of the Genus Rotavirus

Shigeo Nagashima,'* Nuhumlchi Kobayashi," Masa'ho Ishino,' Mohammed Mnhbub Alam,*

Muzahed Uddin Ahmed,*

Shyamal Kumar Paul,” Balasubramanian Ganesh,* Mamta Chawla-Sarkar,*

Triveni Krishnan,* Trailokyva Nath Naik,* and Yuan-Hong Wang”

! Department of Hvgiene, Sapporo Medical University School of Medicine, Sapporo, Japan
*Faculty of Veterinary Science, Department of Veterinary Medicine, Bangladesh Agricultural Unwersity,

Mymensingh, Bangladesh

' Department of Microbiology, Mymensingh Medical College, Mymensingh, Bangladesh
*Division of Virology, National Institute of Cholera and Enteric Diseases, Kolkata, India
“Wuhan Centers for Disease Prevention and Conirol, Wuhan, Hubet Province, China

Novel rotavirus strains B219 and ADRV-N derived
from adult diarrheal cases in Bangladesh and
China, respectively, are considered to belong to a
novel rotavirus group (species) distinct from
groups A, B, and C, by genetic analysis of five
viral genes encoding VP6, VP7, NSP1, NSP2, and
NSP3. In this study, the nucleotide sequences of
the remaining six B219 gene segments encoding
VP1, VP2, VP3, VP4, NSP4, and NSP5 were
determined. The nucleotide sequences of the
group B human rotavirus VP1 and VP3 genes
were also determined in order to compare the
whole genome of B219 with those of group A, B,
and C rotavirus genomes, The nucleotide and
deduced amino acid sequences of all B219 gene
segments showed considerable identity to the
ADRV-N (strain J19) sequences (87.7-94.3% and
88.7-98.7%, respectively). In cantrast, sequence
identity to groups A-C rotavirus genes was less
than 61%. However, functionally important
domains and structural characteristics in VP1-
VP4, NSP4, and NSP5, which are conserved in
group A, B, or C rotaviruses, were also found in
the deduced amino acid sequences of the B219
proteins, Hence, the basic structures of all B213
viral proteins are considered to be similar to
those of the known rotavirus groups. J. Med.
Virol. 80:2023-2033, 2008. * 2005 Wiley-Liss, Inc

KEY WORDS: rotavirus; novel group; B219;

RNA segment

three concentric layers: the ouler capsid, the inner
capsid, and the core |Estes and Kapikian, 2007|. The
outer capsid consists of two structural proteins VP4 and
VP7, which have neutralization antigens, while the
inner capsid comprises VP, the most abundant protein
in the particle. The core is composed of the VP2 shell,
which contains an enzymatic complex of VP1 and VP3,
and genomic RNA segments.

Rotaviruses have heen classified into seven serologi-
cally and genetically distinct groups A-G, which were
discriminated originally by the antigenicity ol the inner
capsid protein VPG [Estes and Kapikian, 2007]. The
electraphoretic migration pattern of the eleven RNA
segments in polyacrylamide gel (RN A pattern) is specific
to each rotavirus group. Rotavirus groups A, B, and C
are associated with acute gastroenteritis in both
humans and animals, while groups D, E, F, and G have
been detected only in animals [Mackow, 1995; Estes and
Kapikian, 2007|. Group A rotavirus is the most common
virus causing diarrheal diseases in children vounger
than 5 years of age. Group C rotavirus causes gastro-
enteritis in children, although it is less prevalent than
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group A rotavirus. In contrast, group B rotavirus causes
severe cholera-like diarrhea primarily in adults, and
has been detected only in China, India, and Bangladesh
[Hunget al., 1983; Krishnanet al., 1999; Sanekataet al.,
2003; Yang et al., 2004a).

Recently, human rotaviruses designated ADRV-N
and B219, which are not classified into groups A, B, or
C, were reported in China and Bangladesh, respectively
[Yang et al., 2004b; Alam et al., 2007). ADRV-N was
found as a causalive agent of an outhreak of diarrhea in
adults [Yang et al., 1998], while B219 was detected in a
sporadic case of diarrhea in adult [Alam et al., 2007]
Both exhibited similar RNA patterns, which were
distinct rom those ol group A-G rotaviruses, Sequence
analysis of the three viral protein genes (VP6, NSP1,
and NSP3) of ADRV-N and five genes (VP6, VPT, NSP1,
NSP2, and NSP3) of B219 indicated that these two
viruses were related closely with the 87-95% nucleotide
sequence identities, while distinguishable genetically
from groups A—C rotaviruses showing less than 60%
identity [Yang et al., 1998, 2004b; Alam et al., 2007].
These findings indicate that ADRV-N and B219 may
belong to a novel species of human rotaviruses other
than groups A-C rotaviruses.

In the present study, the complete nucleotide sequen-
cesof the B219 gene segments 1,2, 3, 4, 10, and 11, which
encode VP1, VP2, VP4, VP3, NSP4, and NSP5, respec-
tively, were determined. Accordingly, whole genomic
data have become available for the B219 virus, together
with sequence data of ADRV-N deposited in GenBank
database recently. The VP1 and VP3 gene sequences of
human group B rotaviruses were delermined in order to
complete the comparative analysis of all gene sequences
from group A-C human rotaviruses, because sequence
data of these genes were not available at the beginningof
this studv. With the sequence data obtained in this
study, the characteristics of the whole B219 genome and
deduced protein products from the viral genes were
analyzed, and compared with those of groups A-C
rotaviruses. The results indicated that viral proteins of
strain B219 shared similar structural characteristies to
those of groups A-C rotaviruses, albeit with a high level
of sequence diversity o the known rotavirus groups.

MATERIALS AND METHODS
Rotavirus Strains

The novel, non-group A, B, or C human rotavirus
B219, and three group B human rotaviruses (CAL-1,
Bang373, and WH-1) were analyzed. The strain B219
was found in a stool specimen from a 65-year-old female
patient with severe diarrhea in Bangladesh in 2002
[Alam et al., 2007], and group B rotavirus strains WH-1,
CAL-1, and Bang373 were detected in stool specimens
from adult patients with diarrhea in China (Wuhan)
[Yang et al., 2004al, India (Kolkata) [Krishnan et al,,
1999], and Bangladesh (Mymensingh) [Ahmed et al.,
2004, respectively. Stool specimens with these virus
strains were processed as 10% suspensions with PBS
and kept at —80 C,

. Med. Viral. DOI 10.10025mv

Nagashima et al.

RNA Extraction and RT-PCR

Rotavirus RNA was extracted [rom fecal specimens
using the RNAID kit (BIO101, Inc., La Jolla, CA)
according to the manufacturer’s instructions. Viral
genes from the strain B219 were amplified by reverse
transeription and the polymerase chain reaction (RT-
PCR) as described previously [Ahmed et al, 2004]. For
the amplification of the VP1, VP2, VP3, VP4, NSP4, and
NSP5 genes of B219, oligonucleotide primers were
designed based on the sequence data of J19 (GenBank
accession numbers DR113887-DQ 113900, DQ113906,
and DQ113907), which is a tlissue culture adapted
isolate from ADRV-N [Ji et al, 2002]. Sequence of
primers and their positions are indicated in Table I.

Sequence Analysis of B219 Genes

The amplified cDNA products by RT-PCR from VP1,
VP2, VP3, and VP4 genes of B219 were purified with the
Wizard SV gel and PCR Clean-Up system (Promega,
Madison, WI), and cloned into the pCR 2.1-TOPO
vectors in the TOPO TA cloning kit (Invitrogen,
Carlshad, CA). Three clones {or each gene were selected
and used for sequencing. In contrast, the nucleotide
sequences of NSP4 and NSP5 genes of B219 were
determined directly from PCR products. The nucleotide
sequences were determined using the BigDye Termi-
nator v3.1 Cvcle Sequencing Reaction kit (Applied Bio-
systems, Foster City, CA) on an automated sequencer
(ABI PRISM 3100). Sequence analysis and comparisons
were performed using the GeneWorks software package
(IntelliGenetics, Inc., Mountain View, CA).

Sequence Analysis of Group B
Human Rotaviruses

Cloning of the VP1 and VP3 genes of the group B
human rotavirus strain WH-1 was carried out by the
single primer amplification method [Wakuda et al.,
2005]. Alter RNA extraction, a single amino group-
linked oligonucleotide primer A comprising 42 nucleo-
tides (5'-PO,;-CCCTCGAGTACTAACTAGTTAACTGA-
TCACCTCTAGACCTTT-NH;-3') was ligated to the
3'-end of both strands of dsRNA by using T4 RNA ligase.
Next, a reverse transcription was carried out with
primer B, which is complementary to the primer A
sequence. Subsequently, the cDNA was amplified by a
two-step PCR using primer C (5-GGTCTAGAGGTGA-
TCAGTTAACTAGTTAGTACTC-3; first PCR) and
primer D (5-TCAGTTAACTAGTTAGTACTCGAGGG-
3'; second PCR). The PCR products were cloned into the
pCR 2.1-TOPO vectors and sequenced as described
above. Based on the sequence data of VP1 and VP3 genes
of WH-1, ¢cDNAs of these genes were amplified by RT-
PCR from CAL-1 and Bang373, and the resultant
products were used for direct sequencing.

Nucleotide Sequence Accession Numbers

The nucleotide sequence data reported in this study
were deposiled in the GenBank database under the

- 37—
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TABLE 1. Primer Sequances and Their Positions Used for RT-PCR Amplification of B219 Genes

Viral protein Size of PCR

gene Primer name Primer sequence (5'-3') Position® product (hp)

VP1 J19 81-1P 1+ GGCACTATGGAACCTGAGAA 1-20 1,338
J1981-1338 M (=) AGATTCAGCTGTAACGTCAG 1,338-1,319
J18 S1-1134 P () TTCAGCCACATTCCACGTTG 1,134-1,1563 1,328
J19 51-2461 M (—) TAACTGGTGACAACAGGGAC 2,46 1-2,442
J18 81-2271 P 111 CACTGCAGAACGTCCATATG 2,271-2,290 1,268
J1981-3538 M () GGGTATATTAATGGATGTACTCTC 3,538-3,515

VP2 J1982-1 P 141 GGCACTTAAGCGCTGCAAGA 1-20 870
J19 S2.870 M { I TGCATTGCTGCTCTTCTAGC B70-851
J19 S2-821 P (4+) GTAATGGATCGCACCGATAGAG B21-842 1,200
J18 S2-2020 M () CGTTATGCCCATAACTAAGGACAG 2,020-1,997
J18 52-1654 P 1+ TGTGCGGAGAAATGCTCACG 1,654-1,673 1,316
J19 82-2969 M () GGGTATATTGAATAAGCTAG 2,969-2,950

VP3 JI8S3-1 P (1) GGCACTTAATGGCTAAGTTA 1-20 1,287
J19S3-128T M () CCAATTGTGTTAATTTCGGATGG 1,287-1,265
J19 83.981 P i +1 GCGTATGATCCAAAATATCG 981-1,000 1,224
J1883-2204 M (=) GGGTATATTACAGCAACTCA 2,204-1,985

VP4 J1984-1 P (11 GGCACTTAAGATGTCTCTCAGAAG 1-20 991
J19 S4-991 M (=) CTTCCCGTTTCTCTGGTACTC 891-971
J19 S4-691 P 141 CCAAGATTTAATACCTACTATGAC 691-714 1,020
J1984-1710 M () ATAACTCCCGAAGTAAGATC 1,710-1,691
J19 54.1557 P 141 CACTGTTGCCATCTGATCCAG 1,657-1,577 956
J1954-2512 M {1 GGGTATATTTAAAGATCTCTTTC 2,512-2 490

N&P4 J19510-1 P (4) GGCATTTTGTTCATCACAAATCAC 1-24 739
J19S10-739 M i) GGGTATATTGCATTGAGCATG 739-719

NSP5 J19811-1 P 1+) GGAACTTAAAACATCAATCG 1-20 649
J18S11-649 M 11 GGGTATACTATTGACCTCAG 649-630

*Sequence and postions of primers eore d to indindual of stram J15 (ADHV-N) deposited in GenBank aceassion numbers

DQ113897 (VP1), DQ113598 (VP2), DQII&SKHJLV}'SJ IJQII:!SSSIVP-II DQ113906 (INSP4), und DQ113907 {NSP5)

accession numbers EF453355 (VP1), EF453356 (VP2),
EF453357 (VP3), EF453358 (VP4), EF453359 (NSP4),
and EF453360 (NSP5) lor B219, EU490413 (VP1) and
EU490416 (VP3) for WH-1, EU490414 (VP1) and
EU490417 (VP3) for CAL-1, and EU490415 (VP1)
and EU490418 (VP3) for Bang373.

RESULTS

VP1 and VP3 Genes Sequences of Group B
Human Rotaviruses

The nucleotide sequences of VP1 and VP3 genes of
group B rotavirus strains WH-1, CAL-1, and Bang373
were determined in order Lo obtain the whole genome
data of group B human rotaviruses. Both gene segments
of strain WH-1 determined by the single primer
amplification method had 5'-end terminal GG-sequence
common o Lhe genus Rotavirus and 3'-end sequences -
UAAAACCC (segment 1) and -AAGAACCC (segment 3),
which are identical or similar to those of murine group B
rotavirus IDIR [Eiden et al., 1992]. The VP1 genes were
3.510 (WH-1) or 3,511 (CAL-1 and Bang373) nucleotides
in length, and contained an ORF encoding a product of
1,160 amino acids. The VP3 genes ol the three strains
comprised 2,341 nucleotides and contained an ORF
encoding a product of 7683 amino acids. The sizes of VP1
and VP3 from the human group B rotaviruses were
almost identical Lo those of IDIR (1,159 and 763 amino
acids, respectively).

Identities of VP1 and VP3 genes sequences among
group B rotaviruses, and those hetween group B and

group A or C rotaviruses are shown in Table I1. Between
CAL-1 and Bang373, extremely high identities (98.5-
98.6% ) were observed, while slightly lower identities of
these strains were found in WH-1 (90.9-91.7%).

Determination of B219 Gene Sequences

Complete nucleotide sequences of B219 RNA seg-
ments 1 (VP1), 2 (VP2), 3(VP4), 4 (VP3), 10 (NSP4), and
11 (NSP5) were determined. The RNA segments 1, 2, 4,
10, and 11 contained ORFs encoding products of 1,167,
973, 719, 213, and 176 amino acids, respectively, which
are identical amino acid numbers o those of the sirain
J19 (ADRV-N) (Table IIT). The RNA segment 3 (VP4
gene, 2,521 nucleotides) of B219 was nine nucleotides
longer than that of J19 in coding region, thereby the VP4
protein product of B219 (826 amino acids) was consid-
ered to be longer than J19 by three amino acids. In a
previous study [Alam et al,, 2007], sequences of five
B219 genes encoding NSP1, VP6, NSP3, NSP2, and VP7
were determined, and B219 NSF1, VP6, and NSP3
genes were found to be identical in length to those of J19.
The VPT and NSP2 genes sequences ol J19, which were
deposited to the GenBank database, also had identical
amino acid lengths to those of B219. It may be concluded
that RNA segments of B219 and J19 are mostly identical
in size.

Sequence Comparison Among B219, J19, and

Groups A-C Rotaviruses

B219 gene segments [or VP2 and VP4 were longer
than those of group A-C human rotaviruses (strains KU,
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TABLE II. Nucleotide (Amino Acid} Sequence Identity (%) of VP1 and VP3 Gene of Group B Human Rotaviruses (WH-1, CAL-
1, and Bang373) to Groups A-C Rotaviruses

VPl vP3
Rotavirus strains
(origin) WII-1 CAL-1 Bangd73 Wli-1 CAL-1 Bangi73
Group A
(thuman)® 49.8 (25.2) 49.3(25.2) 496 (26.2) 47.7(18.8) 47.2(18.1) 46.8 (18.00

UK (bovine)" 48.9 (26.00 48.4126.1) 48.3 (26.00 45.8 (20.4) 47.11179 46.5 (18.1)
Group B

CAL-1 (human) 91.7 (95.9) 91.2 (84.0)

Bangd73 thuman) 91.1 (95.6) 98.6 (98.9) 909 (94.1) HR.589.0)

IDIR (murine)® 70.1{79.5) 70.0(79.4) 70.2(794) 68.3(7L.7 6881729 68.7(72.1T
Group C

Bristol (thuman)® 48,9 (24.3) 48.4 (24.6) 48.6 (24.5) 48.0(12.5) 47.2(11.9) 47.3(11.7)

Cowden (porcine)® 49.8 (24 8) 49.7 (25.3) 49.0(25.2) 474 (153 46.7 (13.8) 47.0(14.3)

C

Heference ws (Bank

CAL-1 and Bristol, respectively) by more than 100
nucleotides, while the NSP3 gene was sharter than that
of groups A-C viruses (Table III). The VP1 gene
segment of B219, as well as VP6, VP7, NSP2, NSP4,
and NSP5 genes, were most similar in size to those of
CAL-1. The size o/ B219 VP3 gene was helween those of
the group B and C rotaviruses. Remarkably, the total
nucleotide number of all the B219 RNA segments (17.97
kb) was similar to group B (17.93 kb) and group C (17.91
kb) rotaviruses, while slightly shorter than group A
rotavirus (18,50 kb).

Between B219 and J19, nucleotide and deduced amino
acid sequence identities of RNA segments were 87.7—
94.3% and 88.7-98.7%, respectively (Table III).
Extremely high identities were observed in VP1, VP2,
VP86, and NSP2 amino acid sequences (97.0-98.7%),
while the lowest identity was observed in NSP4 (88.7%).
In contrast, nucleotide sequence identities of six B219

; T jon wumbers) used in this analysis KU, ABO22765 (VP1), ABD22767 (VP3), UK, X56444 (VP1), AY300027
(VP3); IDIR, M87203 (VP1), X16949 (VP3); Bristol, NC_D07547 (VP1), NC_007674 (VP3); Cowden, M74216 (VP1), M74218 (VP3),

genes (VP1, VP2, VP3, VP4, NSP4, and NSP5) to
representative groups A, B, and C rotavirus strains
were considerably low (less than 61.0%) (Table IV), An
identity of more than 60% was observed in VP1 between
B219 and group B rotaviruses. Deduced amino acid
sequences of B219 showed less than 57% identity o
those of all rotavirus groups. Similarly, it was reported
in a previous study that B219 genes encoding VP8, VP7,
NSP1-NSP3 showed less than 57.1% identity to those
from groups A-C [Alam et al., 2007]. In conclusion, it
was confirmed genetically that B219 and J19 belong to a
different group [rom groups A-C rotaviruses, based on
significant genetic diversity in all the gene segments,

Characterization of B219 VP1 and VP4 Sequences

Rotavirus VP1 has RNA-dependent RNA polymerase
activity [Cohen et al., 1989; Valenzuela et al., 1991].

TABLE II1. Sizes of Whaole GGene (Amino Acid) Sequences of B219 and J19, and Comparison with Groups A, B, and C Human

Rotaviruses
Nog, of nucleotide (amino acid)"

Nucleotide (amino acid)
Viral protein KU CAL-1 Bristol B219 J19 sequence identity (%)
gene [group Al [group B| [group C] [Noval group]  [Novel group]  between B219 and J18
VP1 gene 3,302 (1,088) 3,511 11,1600 3,309 (1,090) 3,638 (1,167 3,638 (1,16T) 93.1(97.2)
VP2 gene 2,723 (8952) 2 B47 (934) 2,736 (BB4) 2,969 1973) 2,969 (973) 93.4 (98.0)
VP3 gene 2,581 (835) 2,341 (763) 2,166 (693) 2204 (719 2,204 (719 91,6 (93.7)
VP4 gene 2,358 (775) 2,306 (7601 2,283 (744) 2,521 (826) 2,512 (823) 91.3195.0)
VvP8* (2400 207 (231) (249) (245) 89.0 (89.6)
VE5* (529) (B36) (496) (663) (563) 81.9(97.1)
NSP1 gene 1,664 1486) 12761107, 321) 1,270 (394) 1,307 (395) 1,307 (395) 92.4 (4.9
VP86 gene 1,356 (397) 1,269 (381) 1,353 (395) 1,287 (3986) 1,287 (396) 93.9 (98.7)
NSP3 gene 1,075 (310) 1,179 (347) 1,350 (402) 932 (262) 932 (262) BB.4 (93.6)
NSP2 gene 1,058 317 1,007 (301) 1,037 (312) 1,006 (297) 1,004 (297) 92.8 (97.0)
VP7 gene 1,062 (326) Bl4 (249) 1,063 (332) 818 (258) 820 (268) 94.3 (96.5)
NS4 gene 750 1175) 751 (219) 613 (1500 739 (213) 738 (213) 87.7(88. 1
NSP5 gene 664 (197) 631 (1700 730 (212) 649 (176) 649 (176) 93.7 (93.2)

*GrenBank accession numbera of genes from KU, CAL-1, and Bristol which have been published previoualy and used in this analysis are as follows.
KU: AB0022765 (VP1), AB0O22766 (VP2), ABO22767 (VP3), AB222784 (VP4), ABO22769 INSP1), AB0O22768 (VP6), ABUZ2771 INSP3), ABU22770
(NSP2), D16343 (VPT), AB0O22772 (NSP4), AB022773 (NSP5); CAL-1: EU490414 (VP1), AB037932 (VP2), ELI490417 (VP3), AF184084 (VP4),
AFZ30075 (NSP1), ABD3TH31 (VP6), AF230974 (NSP3), AY238383 (NSP2), AF184083 (VPT), AY238387 (NSP4), AY248386 (NSPS), Bristol:
NC_007547 (VP1), NC_007546 (VP2), NC_007574 (VP3), NC 007572 (VP4), NC_007644 (NSP1), NC_007570 (VP6), NC_007543 (NSP3),
NC_007545 (NSP2), NC_007671 (VPT), NC_007573 (NSP4), NC_ 007669 (NSP5), Sequence data of J 19 were obtained from GenBank databasa,

accession noa. Q113897 -DQ1 13907
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TABLE 1V. Sequence Identities of B219 Gene Segments to Representative Rotavirus Strains of Groups A, B, and C

Nucleotide (amino acid) sequence identity (%) of B219 genes

Rotavirus strains

lorigin) VP1 VP2 A7) VP4 NSP4 NSP5
Group A
K'Lrlhurnan) a0.4123.2) 46.1 (15.6) 4280179 9.11(10.9) 2461(11.00 9.1(12.3)
UK (bovine)* 50.1122.6) 16,6 (13.1) 43.9 (18.0) 46.3 (12.8) 24.31(15.5) 224(1L.1
Group B
-1 (human¥ 60.8 (56.3) 57.3 146.7) 52.2 (48.9) 49.5 (30.2) 48.2(19.5) 52.5127.3)
CAL-1 {human) 604 155.9) 55.6 (44.6) 519 (48.1) 49.1 (24.5) 2120567 32.9(26.7)
Bangd74 (human)® 60.5 (66.1) 56.5 (48.2) 52.1(48.1) 49.6 (30.6) 474 (16.7 H3.8126.7)
ADRV (human)® — 56.1 (45.4) — 46,5 121.5) 21.0014.6) 31.20(16.4)
IDIR imurine)® 61.0 (55.6) 209 (45.T) 40.9125.3) 46.1 (23, 1) 11.2114.5) 32,5 (24.6)
Group C
Bri;;tnl thuman) AL.0(2L.6) 9.8(12.7) 207 (1727 32.6 (15.4) 42.9(13.0) 16.5 (16.5)
Cowden (porcine)” 49.8121.0) 38.6(15.2) 503(17.9) 18.0116.9) 41.9i16.8) 35.6110.9)

*GenBank sccession numbers of sequences used in this analysis are as follows: UK, X5544 (VP1), X52588 (VP2), AYSHELT (VP3), M22306 (VP4),
KO3384 (NSP4), KOG385 (INSPS), WH-1, AYSGI9850 (VP2), AYS39857 (VP4), AY539864 (NSP4), AYSG39863 (NSPS), Bang373, AY238390 (VP2),
AYZAHZER (VP4), AY238384 (NSP4), AY2383604 (NSP5S), ADRV, M91433 (VP2), M91434 (VP4), AYB4805T INSP4), M34350 INSPS); IDIR. M97203
VP, V00673 (VP2), U0asss (VP3), X160449 (VP4), L3567 INSP4), D092 (NSPS); Cowden, M74216 0 (VP1), M74217 (VP2), M74219 (VP3),
M74218 (VP4), AFDO3202 (INSP4), X65938 INSPS). Heferences of KU, CAL-1. and Bristol sequences, see fontnote of Table 111

RNA-dependent RNA polymerase of positive-sense and
negative-sense single-stranded RNA viruses and dou-
ble-stranded RNA viruses possess specific sequence
molils, which are suggested to he essential for enzymatic
activity [Kamer and Argos, 1984; Poch et al,, 1989;
Bruenn, 1991; Jablonski and Morrow, 1995]. This
functional domain has been found to exist in VP1 of
group A rotaviruses [Milchell and Both, 1990; Ito et al.,
2001]. In the present study, it was found that the three
group B human rotaviruses, B219, and J19 possess this
domain in the central region of VP1, as well as group B

IDIR strain and group C rotaviruses (Fig. 1). This
finding suggests that B219 VP1 may [unclion as an
RNA-dependent RNA polymerase, as well as other
rolavirus groups.

Between the VP4 sequences [rom B219 and J19, most
of the cysteines and prolines (4 and 25 residues,
respectively) were conserved (Fig. 2). In group A
rotavirus, the outer capsid protein VP4 is cleaved into
VP8 and VP5 with the presence of protease, which
facilitates infectivity ol the rolavirus |Esles and Kapi-
kian, 2007]. In the B219 VP4, putative trypsin cleavage

Strains

Group B 242 P = - - A
IDIR HEVAEG WALL VLDFAXTDIPDLEISHLRVDGDDRVVS
WH-1 g SN g 1 F----- HE--RV-QE-—-1-VT -
CAL-1 e o e o e W T ——— N - T | 5, 1 (Pt SR B
Bang373 bt N - SV-QE-—— L-VI————o e

Group A Sa7 636
KU GA-=f-~t~QFFAA-=L~FL--=A--SRLANKYS_FIUKLl-—-f--1FYAV

Group C s88 83t
Brisctol GAT-F—r-OrtIM~-=l=-fp==-Q1-GKLM-DYT _FDVEMI=---F=-FYAl

MNovel group ai 00
B219 e o e HE=—=THFPRNLYNEM-S LRVN -M-— ===~ 1"
J19 i e [ === T ENRL YN M-S LRVN-M=——p = p ==

Poliovirus 284 333
3D G-MP--LSGHE~F--MIFNLI-BHL-LKTYKG-D ~DHLXMIAY[---VIA~

Fig 1. Amino acid sequence comparigon of VP1 from groups A-C rotaviruses, B219, and J19. Sequence

of the RNA polymerase of
sequence arc indicated by

liovirs is arranged at the bottom us a reference ldentical residues to IDIR
ushes, und the gapis shown by an underscore. At both ends of sequences, amine

acid numbers are indicated. ldentical aming acidsin the KNA palymerasez of various RNA viruses noted by
Cohen et al. [1988) are boxed. The GDD sequence indicuted by the nghtmost box is functivnally casential for

ENA palvmerase [Jablonaki and Morrow, 1995).
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Fig. 2. Comparison of deduced amino acid sequences of VP4 hetween B219 and JJ19. Dots indicate amino

acids identical to thoso of B219, while a dash and box denote a gap genorated to obtain the best alignment.
Consgarved cyateine and proline residus are indicated by solid squares and circles, respectively, while the
position of non-conserved cysteine and proline is indicated by u hollow square or cirele. Putative trypsin
cleavage sites are indicated by arrows. Amino acid nombers are indicated for the rightmost residues at
individual lines of aequence.
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Fig. 3. Comparison of hydrophobicity/hydrophilicity plota for the VP4 amino acid se

amino acid position

ences of B219,

219, und ADRV by the Kyte-Doolittle method. The N-terminal hydrophilic regions in VPS are shown hy
dutted lines, while the hydrophobic regions near the middle portion of VPS are indicated by solid lines
Positions of the putative trypsin cleavage sites are indicated by double lines

sites were located on the C-terminal side of amino acids
249 and 263, through which 249- and 563-amino acid
products (VPS8 and VP5, respectively) are assumed to be
generated (Fig. 2). Figure 3 shows the hydropathicity
profiles of the VP4 proteins for B219 and J19, as well as
ADRYV for comparison purposes. The profile o[ B219 VP4
was similar to that of J19, and both profiles were also

similar to ADRV VP4 with respect to the presence of

hydrophilic regions near the N-terminal side of VP8 and
around the trypsin cleavage site, and hydrophobie
regions in the middle portion of VP5.

InB219, theratio of amino acid length of VP8 to VP5 is
1:2.3, which is similar to the values in groups A B, and C
rotaviruses (1:2.1-2.6). As mentioned above, the B219
VP4 gene comprises 2,521 nucleotides, which are nine
nucleotides longer than that of J19 (2,512 nucleotides)
(Table I1I). B219 had an additional twelve nucleotides
encoding four amino acids in the VP8 region, and lacked
three nucleotides at the trypsin cleavage site, compared
with the J19 VP4 gene (Fig. 2). When the coding regions
ol putative VP8 (747 nucleotides) and VP5 (1,689
nucleotides) of B219 were compared with those of J19,

oJ. Med. Virol. DOT 10.10025mv
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the VP5-coding region showed slightly higher amino
acid sequence identities (97.1%) than the VP8-coding
region (89.6%) (Table III). Similarly, more sequence
conservation in VP5 has also been reported in groups A
and B rotaviruses [Gorziglia et al., 1988; Sereno and
Gorziglia, 1994; Kobayashi et al., 2001; Ahmed et al.,
2004]. These findings suggest the structural similarity
of VP4 belween B219 (J19) and rotaviruses of other

groups.

Characterization of B219 NSP4 Sequence

The predicted NSP4 sequence of B219 consists of 213
amino acids, which are 38 and 63 amino acids longer
than those of KU (group A) and Bristol (group C),
respectively, and six amino acids shorter than the NSP4
of CAL-1 (group B). It has been reported that NSP4 of
group A rotavirus has three evident hydrophobic
domains comprised of 15-20 amino acids (h1-h3) in
the N-terminal region |[Chan el al., 1988], as shown in
the hydropathicity plots of Figure 4. In the NSP4 of
group B and C rotaviruses, two regions in the N-
terminal side are evidently hydrophobic, while addi-
tional short hydrophobic sequence is found in group B
NSP4. In contrast, hydrophilic domains were located on
the C-terminal side of this protein [Taylor et al., 1996].
Similar to the NSP4 structure of groups A-C rotavi-
ruses, NSP4 sequences of B219 and J19 were [ound to
have a minor and two major hydrophobic domains in the
N-terminal region, and hydrophilic domains in the C-
terminal region (Fig. 4).

DISCUSSION

In the present study, complete VP1 and VP3 sequen-
ces of human group B rotaviruses were determined.
Among Lhe three strains, exiremely high sequence
identities of VP1 and VP3 were observed between
CAL-1 and Bang373, while these strains showed slightly
lower identities to WH-1 (Table II). A similar level of
sequence identities ol all other genes among these group
B rotaviruses was discussed previously [Yang et al.,
2004a), suggesting thal genomic evolution of these
group B human rotaviruses known so far may have
occurred evenly in all the gene segments, from a common
ancestral virus. VP1 and VP3 genes of human group B
rotavirus showed approximately 70% identilies to those ol
IDIR strain, and a similar level of identities (60—79%) was
observed [or other gene segments [Kobayashi el al., 2001;
Ahmed et al., 2004; Yang et al., 2004a]. VP1 and VP3
sequence identities of group B human rotavirus to
representative groups A and C rotaviruses were consid-
erably low (45.8—49.8%), as observed for other viral gene
segments among different rotavirus groups (less than
58%) |Alam et al., 2007].

The VP2 is the major component of the viral core
proteins and has RNA-binding activity for both single-
and double-stranded RNA [Bovle and Holmes, 1986].
Labbé et al. [1994] reported that the RNA-binding
domain was located in the N-terminus 132 amino acids

J. Med. Virol. DOT 10.1002/jmv
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Fig. 4. Hydrophobicity/'hydrophilicity plots for the NSP4 amino acid
sequences of B219, J19, and group A (KU), B (CAL-1), and C (Bristol)
human rotaviruses by the Kyte-Doolittle method. Hydrophilic and
hydrophobic regions are shown by dotted lines and aolid lines,
respectively, Three hydrophobic domains (h1-h3) in the N-terminal
region of group A rotavirus are indicated

of VP2 of the bovine rotavirus RF strain. It was also
predicted that an alpha-helix oceurs within the hydro-
philic N-terminal region (amino acids 55—89 in simian
rotavirus SA11, 61-94 in human rotavirus Wa), which is
suggested Lo be involved in the dimerization of the VP2
and RNA hinding [Ernst and Duhl, 1989; Miichell and
Both, 1990]. Apart from this structure, two leucine-rich
regions (amino acids 537558 and 666—687), including
putative leucine zipper motifs have been identified in
mammalian rotaviruses [Kumaret al., 1989]. In the VP2
of B219, the presence of alpha-helix was predicted in the
N-terminal region, amino acids 71-100 which corre-
sponds to a hydrophilic region (data not shown),
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However, the leucine rich regions including leucine
zipper motifs were nol detected.

The VP3 is a viral guanylyltransferase associated
with the 5-end capping ol the viral mRNA [Pizarro
et al., 1991; Liu et al., 1992], and two sequence motifs
(KXTAMDXEXP and KXXGNNH) were reported as
putative enzymatic active sites in VP3 of groups A and C
rotaviruses [Cook and McCrae, 2004|. However, these
motifs were not detected in the VP3 sequences of B219,
J19, and three human group B rotaviruses. However, Ito
et al. [2001] reported the presence of a single conserved
sequence VALYSLSN in the middle portion of VP3 in
groups A and C rotaviruses, and group B IDIR strain.
Interestingly, this sequence, with minor variation, was
detected also in B219 and J19, and group B human
rotaviruses (Fig. 5). Hence, this sequence is suggested
to have an essential functional role of this protein,
although its relatedness as guanylyliranslerase activily
has not vet been elucidated.

Belween B219 and J19, outer capsid proteins VP4 and
VP7 amino acid sequences showed 95.0% and 96.5%
identities, respectively. Among group A rotavirus,
viruses belonging to a same antigenic type of VP4
(P-type) and VP7 (G-tvpe) show generally more than
90% sequence identity of these outer capsid proteins
|Green et al, 1987; Gorzigha et al., 1990]. This
suggested that B219 and J19 may have identical
antigenic specificity ol VP4 and VPT.

The NSP4 of group A rotavirus has been shown
to mobhilize intracellular Ca.” [Tian el al, 1994; Dong
el al, 1997; Morris et al, 1999 and inositol 1,4,5-
triphosphate (IP3) [Dong et al,, 1997|, and cause age-
dependent diarrhea in suckling mice [Ball et al., 1996;
Morris et al.,, 1999]. These reports indicate that the

Group C
irizrtol (human)

‘awdan (porsina)
Novel group

Z1% (human)

118 (h

iman)

Fig. 5. Comparison of partial VP3 amino acid sequences from groups
A~Crotaviruses, B219, and J19 Amino acid numbers are indicated at
residues of both ends. Identieal residucs to Wa (group A) sequence are
indicated by dashes. A conserved amino acid region among different
groups is boxed. An asteriak denotes a conserved aming acld (N) near
the conserved sequence
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NSP4 of group A rotavirus may represent a viral
enterotoxin. Remarkably, it has been demonstrated
that a short peptide corresponding to NSP4 amino acids
114-135 in the C-terminal portion, caused diarrhea in
mice [Ball et al., 1996; Zhang et al., 2000] and the
sequence corresponding to this peptide is conserved
highly among group A rotaviruses. A previous study
reported that the synthetic peptides corresponding Lo
amino acids 99-128 and 191-219 of group B rotavirus
(CAL-1) NSP4 caused diarrhea in mice |Ishino et al,,
2006], and enterotoxigenic activity was described also
for the lwo-thirds C-terminal portion of group C
rotavirus NSP4 [Sasaki et al., 2001]. In the NSP4 of
B219 and J19, an enterotoxin (or enterotoxin-like)
sequence which is identical or similar to those
reported for groups A and B rotaviruses was notl
detected. This finding may be reasonable because the
enteroloxin sequence in group A and enterotoxin-like
sequences in group B are highly divergent. While
between B219 and J19, NSP4 showed lowest sequence
identity (88.7%) among the eleven viral proteins, and
the C-terminal hall was more conserved than N-
terminal half (data not shown). Hence, it is probable
that novel sequences in C-terminal region o[ B219 NSP4
may be responsible for enterotoxin activity of this novel
rolavirus.

The rotavirus nonstructural protein NSP5 has a
critical role in the formation ol viroplasm and rotavirus
replication within infected cells [Campagna et al,, 2005;
Jiang et al., 2006]. It has been reported that C-terminal
domain of NSP5 mediates some functions including
dimmer formalion and the increased insolubility of
NSP5 [Eichwald et al., 2004; Campagna and Burrone,
2006], and C-terminal one-thirds amino acids of NSP5
were found to be sufficient to direct the formation of
viroplasms |Mohan et al., 2003; Sen et al., 2006]. In the
analysis ol group A rotavirus NSP5, the presence ol
alpha-helix is predicted in the C-terminal 21 amino acid
sequence, and two tandem DXDXD motifs are located
Jjust upstream of the alpha-helix [Sen et al., 2007]. These
structures are considered as {unctional determinants
that regulate viroplasm formation. In the NSP5 of the
group B rotavirus CAL-1, predicted alpha-helix domains
are found in the C-terminal half regions (amino acids
116136, 147 -161), while group C rotavirus Bristol has
two alpha-helix regions in the C-terminal side (amino
acids 121-141, 190-204). In the B219 NSP5, the
presence of alpha-helix was predicted in a wide region
tamino acids 98—139) in the C-terminal hall of this
protein (data not shown). However, the DXDXD motif
was nol found in the NSPA of the strains CAL-1, Bristol,
and B219.

Inthe presentstudy, overall sequence similarity of the
B219 and J19 gene segments, and considerable genetic
diversity of Lthese viruses lo groups A-C rotaviruses
were demonstrated. The basic structures of B219 viral
proteins were found Lo be homologous to those of other
rotavirus groups. These findings are considered as
sufficient evidence Lo recognize that B219 and J19 are
members of the genus rotavirus but belong to a novel

o Med. Virol. DOT 10.10025mv
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group, which is discriminated from the known rotavirus
groups.
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Identical rearrangement of NSP3 genes found in three
independently isolated virus clones derived from mixed
infection and multiple passages of Rotaviruses
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Abstract Three rotavirus variants with a rearranged RNA
segment derived from the NSP3 gene were isolated in three
independent experiments of coinfection and multiple pas-
sages of simian rotavirus strain SAll and single-VP7-
gene- or NSPI1-gene-substitution reassortants  having
genetic background of SA11. Sequence analysis indicated
that the three rearranged NSP3 genes had almost identical
sequences and genomic structures organized by partial
duplication of the open reading frune in a head-to-tail
orientation following the termination codon. The junction
site of the original NSP3 gene (first copy) and the dupli-
cated portion (second copy) was identical among the three
rearranged genes, while a direct repeat, i.e,, a homologous
sequence between the first copy and second template for
duplication, typically located at the junction site, was not
detected. However, short similar sequences were present at
the end of the first copy and beginning of the second copy.
These findings suggest that rearrangement of the NSP3
gene may occur at a certain preferential site which is
related to sequence similarity between 3'-untranslated
region and a region near the 5'-end of ORF.
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Rotavirus is widely distributed in mammals and birds, and
causes acute diarrheal disease via intestinal infections.
Rotavirus is a genus of the family Reoviridae, and it is
differentiated into at least seven groups (A-G). The rota-
virus genome is a double-stranded (ds) RNA which is
divided into 11 scgments. Each RNA scgment encodes one
of the six structural proteins (VP1-4, VP6, VPT) or six
nonstructural proteins (NSP1-NSP6) [5]. Because of the
difference in size of cach segment, the 11 RNA segments
are separated and observed as an RNA pattern in poly-
acrylamide gel electrophoresis (PAGE) that is specific for
an individual rotavirus group. Due to the segmented nature
of the genome, reassortment is one of the major mecha-
nisms of genomic evolution of rotavirus, as is point
mutation [13].

Rearrangement is another mechamsm causing genomic
diversity of rotavirus, In the rearrangement, a radical
change in the size of the RNA segment occurs by concat-
emerization or deletion within a single RNA segment [4,
14, 15]. The rearranged genome is detected as a segment at
an unusual position in the RNA pattern in the absence of an
RNA segment at a normal position. The most frequently
observed type of rearrangement is a head-to-tail sequence
duplication, which has been reported for RNA segments
encoding NSP1-NSPS and VP6 [14]. Since the sequence
duplication mostly initiates at the 3’ untranslated region
(3'UTR), coding frames for these viral proteins are not
affected. However, in a few instances, the sequence
duplications begin within the 3’-end of the ORF, therehy
causing minor alteration of the protein product [6]. Less
frequently, the rearrangement results from deletion of
sequence within an ORF [17].

Rearranged RNA segments have been detected in
rotaviruses isolated from chronically infected children
with immunodeficiency and apparently immunocompetent
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humans and animals [4]. Rotavirus variants with a rear-
ranged genome have also been isolated by serial passage of
rotavirus at high multiplicity of infection (m.o.1.) in vitro.
Evidence from the genomic organization of the rearranged
genome has suggested a mechanism by which partial
duplication is caused: RNA-dependent RNA polymerase
may disengage from the RNA template and then reattach at
an upstream location on the same template, during cither
plus strand synthesis (transcription) or minus strand syn-
thesis (replication) [4]. Evidence that supports the
occurrence of rearrangement in replication [6] as well as
transcription [8] has been provided by sequence analysis of
the rearranged genomes. However, rearranged genomes
have been genetically analyzed for limited number of
rotavirus variants, and the definite mechanism of rear-
rangement is still unknown.

We previously analyzed preferential selection of rota-
virus RNA segments (VP7 gene or NSP1 gene) in the
genetic background of simian rotavirus SAll, through
mixed infection at high m.o.d. and multiple passages
among SA11-L2 and/or single-gene reassortant(s) [10,
12]. In these studies, unexpectedly, three variant clones
with a rearranged gene (Ga613, Aol123, and Arl71) were
detected by observation of the RNA patterns in PAGE for
virus clones isolated from mixed-infection culture fluids.
Although the three rearranged variants were derived from
independent series of mixed infections and multiple pas-
sages, all of the rearranged genes migrated at the same
position in PAGE, between SAI1 RNA segments 4 and 5,
in the ubsence of SAlIl RNA scgment 7 or 8 at the
normal position (Fig. 1a). In our present study, we ana-
lyzed the rearranged genes from the three viruses
genetically to clarify whether or not the rearrangements in
the three clones have same genetic organization and to
investigate putative mechanism causing these gene rear-
rangements, comparing  them with those  proposed
previously.

Ga613, a plaque-purified clone from an isolate desig-
nated as CI-13 in our previous study, was isolated from
mixed infection in MAID4 cells with simian rotavirus
strain SA11 (SA11-L2 clonc [16]) and single-VP7 gene-
substitution reassortant SNRI, which has a VP7 gene
derived from canine rotavirus K9 in the genetic back-
ground of SAIL [12]. Ga6l3 was the only variant with
rearrangement among the 42 virus clones isolated from the
sixth passage culture fluid, and no other variants were
detected in the clones froin the first passage (67 clones) and
third passage (44 clones) examined in the study.

Aol123 and Arl171 were isolated from culture fluids of
SA11-L2 coinfected with single-NSPl gene-substitution
reassortants SOF and SRF, respectively [10]. SOF and SRF
possess an NSPl gene (RNA segment 5) derived from
porcine rotavirus strain OSU and sunian rotavirus strain
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Fig. 1 Rearranged NSP3 genes detected by PAGE (a) and their
genetic organization (h), & RNA patterns of the onginal strain $A11-
1.2 and single-NSP1 gene reassortants SRF and SOF used for
coinfection, and virus clones with a rearmnged genome. Lane 1, SOI;
lane 2 and 7. Aol 23; lane 3. SAL1-L2: lane 4 and 8, Arl71; lane §
SRF: lane 6, Gabl3. An arrowhead indicates remranged genes, RNA
segments [-11 assigned for SAT-L2 are indicated on the left. b
Schematic diagram of the renranged NSPA gene detecied in Gab13,
Aol23. and Ar171 compared to the original NSP3 gene of SA11-1.2
strain, Shaded boxes indicate the duplicated part of the onginal NSP3
gene

RRV, respectively. Aol23 and Arl71 were single variants
with a rearranged gene, found among S0 and 36 clones,
respectively, isolated from culture fluids of the tenth pas
sage, and no other variants were detected in either of the
mixed-infection cultures. Aol23 has a single foreign gene,
i.e., RNA segment 5 derived from SOF (OSU) in the
genetic background of SALL.

The three virus clones, Ga613, Aol23, and Arl71 were
purified three times by plaque isolation. Nucleotide
sequences of the rearranged genes were determined by RT-
PCR and direct sequencing, as described previously [8].
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For sequencing of the rearranged genome, firstly, a region
contwining the putative junction site of the original
sequence and the duplicated portion was amplified by RT-
PCR using a pair of primers, NS3-1 (5.CACCAGAA
TCGTCCATCACA-3") und NS3-2 (5-CATCTCTCAACA
GCAAGCAC-3") that are complementary to nucleotide
(nt.) nos, 200-181 (minus sense) and 661-680 (plus sense)
of the SA11-4F NSP3 gene sequence (GenBank accession
no. M87502), respectively. While nucleotide synthesis by
these primers progresses in opposite directions, outward
from cach other, in the normal NSP3 gene, amplification of
a PCR product was expected if the rearranged genome had
a head-to-tail duplication. As o result, PCR products of
approximately 480 bp were obtained from the three clones.
Although RT-PCR was attempted similarly to amplify a
putative junction site in the NSP2 gene when outward-
directed primers were used, no product was amplified, and
further sequence analysis demonstrated that these clones
had a normal NSP2 gene (data not shown). After deter-
mination of the sequence around the junction site,
sequences of the original NSP3 gene containing the ORF
(first copy) and the duplicated portion (second copy) were
amplified by using primers NS3-5E1 (GGCATTTAA
TGCTTTTCAGTGG, nt. 1-22) and NS3-3 (CAATCGAA
GAAGTAA GGGATCCA, nt. 761-739), and primers NS3-
3E1 (GGCCACATAACGCCCCTATA, nt. 1105-1086)
and NS34 (GGGAATAGAATAT GATTATCAGG, nt.
124-146), respectively, The NSP3 gene sequence of the
SAI1-L2 clone was also determined to compare it to that of
two SAll clones (SA11-4F, SA11-Cl14) whose sequence
data are available. The nucleotide sequences of the NSP3
gene determined in this study were deposited in GenBank

under the following accession nos: SA11-L2, EF460843;
Aol23, EF460844; Ga613, EF460845.

The NSP3 gene of the original strain SA11-L2 sequenced
in the present study was 1105 nucleotides long with a
S'UTR and 3"UTR of 25 and 132 nucleotides, respectively.
The rearranged genome of the three variants had 2042
nucleotides and contained the 5'UTR and the NSP3 pene
ORF, and a partial duplication (second copy) corresponding
to nucleotides 63-1105 of the original SA11-L2 strain
(Fig. Ib). The second copy started 26 nucleotides down-
stream of the termination codon. This genomic organization
of the rearranged NSP3 genes and their sequences from the
three clones were identical except for a single nucleotide
difference in the ORF of Ga613.

The NSP3 gene sequence of SA11-L2 determined in this
study differed from those of SA11-4F (GenBank accession
no. M87502) and SAI11-Cl14 (AY06584) by four nucleo-
tides and one nucleotide, respectively, among which a
single site corresponding to at 305 of the SA11-4F
sequence was associated with a different amino acid among
the SA11 clones (Table 1). The four nucleotides in SALL-
L2 that were different from those of SAl1-4F were com-
monly retained in the first and second copies of rearranged
genes of the three variants, proving that the duplication
originated from the SA11-L2 clone. In addition, a single
nucleotide substitution at nt 749 was detected in the ORF
(first copy) of Ga613. Because the nucleotide at the cor-
responding site in the second copy (nt.1686) was different
from that of nt. 749 in Ga613, but the same as that in SA 1 1-
L2, this mutation was suggested to have occurred after the
rearranged penome was completed during the multiple
passages of viruses. By this mutation, the amino acid

Table 1 Nucleotide differences in the NSP3 genes of SA11-L2, Ga613, Aol23, and Arl7] compared with SA11-4F and SA11-Cl14

Location Nucleotide Nucleotide (codon® and amino acid) at the indicated position in rotavirus strain
faming acwd) s s
position SAlLI-4F SALI-C14 SATI-L2 Ga613 Anl23 ArlTl
First copy 308 (94) C (CCA. Pro) G (GCA, Ala) G (GCA. Al G (GCA, Als) G (GCA. Alu) G (GCA. Aln)
36 9Ty G (TTG, Lew) G (TTG, Lew) A (TTA. Lew) A (TTA, Leu) A (TTA, Lew) A (TTA. Leu)
604 (193) C (AAC, Asn) T (AAT. Asn) T (AAT. Asn) T (AAT, Asn) T (AAT. Asn} T (AAT, Asn)
749 (242)  A(ACT.Thn  A(ACT.Thr) A(ACT. Th) C(CCT.Pro)  A(ACT.Thr) A (ACT. Thn)
BIR(271)  C(GCC, Al G(GCG, Al G (GCG. Al G (GCG, Ala) G (GCG. Ala) G (GCG. Ala)
Second copy 1242 (305)° G G G
1253 (316} A A A
1541 (604) T T T
1686 (749) A A A
1775 (R38) G G G
* Nucleotide at the indicated position is underlined
" GenBank accession nos. of NSP3 genes: SALI-4F, M87502; SA11-Cl14, AYD65843
€ Nucleotide position corresponding to that in the first copy s indicated in parentheses
£ springer
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change is considered to occur at position 242, which is
located in the elF4G-binding region of NSP3 [3].

In the nucleotide sequence around the junction region of
the templates for the first copy and second copy, no
appurent direct repeat was detected, although three identi-
cal nucleotides were found just upstream from the junction
(Fig. 2a). However, similar six-base-long sequences
(CAAT-A) were found just before the junction in the first
copy and at the beginning of the second copy. To check for
the presence of such similar sequences in other rearranged
NSP3 genes, previously published sequence data of the
three virus clones (IGV-F, IGV-S, and H57) [9, 11] were
examined (Fig. 2b-d). A typical direct repeat sequence at
the junction site was not detected in any the clones,
although a few nucleotides were identical in IGV-F and
IGV-S, and direct-repeat-like sequences were found in
HS57. However, similar 5- to 6-base-long sequences were
observed in these three rearranged genes in the first tem-
plate sequence and just after the junction site in the second
template.

Among the complete sequences of the rearranged genes
reported, a direct repeat has been detected in the NSP1
gene, NSP4 gene, and NSPS gene with rearrangement [ 1, 8,
9]. A typical direct repeat 1s a short identical or similar
sequence close to the junction site in the first copy and
upstream region of the second copy. It has been hypothe-
sized that rearrangement may be caused by dissociation of
RNA-dependent RNA polymerase from the RNA template
and reassociation at a distant site on the same template [4].
In this process, the direct repeat is considered to provide a
relative advantage for the reinitiation of transcription,
although the direct repeat might not be indispensable for
generating a rearrangement. Even when a direct repeat is
not present, a short strech of similanty (even a two-
nucleotide-long sequence) has been suggested to be sig-
nificant for detennining a reassociation site [9]. However,
even such a short repeat is not found in some rearranged
genes (2,7, 1]

In contrast, it may be notable that similar sequences are
found between the first and second templates, as observed in
the present study and in some rearranged genes reported
previously [7, 13], although their locations are different from
that of a typical direct repeat. In case of the rearranged NSP1
gene of the SA 11-58 clone, an cight nucleotide sequence just
before the junction site in the first wemplate is found at a
position six nucleotides upstream from the junction in the
second template [13). Similarly, direct-repeat-like sequen-
ces are found in the HS7 NSP3 gene [11], as shown in the
present study. These obscrvations sugpest that similar
sequences between the first strand and the second strand may
be generally related to template switching of RNA-depen-
dent RNA polymerase. Furthenmore, it may be speculated
that RNA-dependent RNA polymerase may often shift

@ Springer

slightly upstream or downstream from the similar sequence
on the second template when it reattaches to the RNA tem-
plate, for an unknown reason.

(a) Gabl3, Anl23, Arl7i

firsd copy —

SRy TGAACAATCAAATACAGTGT - - - - - 3"
A
§¢ -----ATGGCCGTCTCAANTTATTAR- -~~~ 3
-
B, second copy
(b) 1GV-F
first copy —
[ nwpmgqrmrcac CATCTA----- 3
(e GAAGACGTGAATAAACTTAGAR - - - - - 3
L
33?.—. second copy
(e)IGv-s
first copy ——»
1004
:
R CTACACATGACCCTCTATGAGC - - - -~ 3
i\
5t ——mmn TAGAAATAGAAATTGGATGACT - - -~ 3

283
F=————" second copy

(d) Wa, vanant H57

lirst COPY s
1072
[ — NIWANATGMAM ----- 3+
:f.- :‘ ‘\ 1!\";!%
G0 e GAGTCTACTCAGCAGATGGTAA - - -~ - 3
-
_;H'.l__. second copy
(€) M. clone M1
lirst copy ———a
5 - -TGAATATGCATATGAGTAGTCACAT- - - - - 3¢

5' GGCTTTTAATGCTTTTCA-~ 3°
e e Te—
.

6
—— second copy

Fig. 2 Sequences around the junction site of the first (upper) template
and second (fower) template that are copied into the rearmanged NSP2
genes: 2 Gub13, Aol23, Arl71: b IGY-F (accession no. AF190172); ¢
IGV-S (accession no. AF190171): d strain Wa, cloneHS57 (aceession
0. 541238); e strain M. clope MI. (accession no. AF338247), The
sequence of the rearranged genome is andicated 1 boldface with
mucleatide nos. of templates at the end of the first copy and the
beginning of the second copy. Dofted lines denote identical nucleo-
tides (a ) or those forming direct-repeat-like sequence d. Underlines
in a-d ind similar sequences between the first and second
templates. Underlines in e show portions of the first and second
templates which may form presumptive base paring in the secondary
structure according 1o the directions indicated by dotred arrows (6)
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Gault and coworkers proposed a new mechanism for
rearrangement in which secondary structures might facili-
tate the transfer of RNA-dependent RNA polymerase from
the 5'-end to the 3'-end of the plus strand RNA during the
replication step, based on analysis of rearranged genomes
derived from genes 7 and 11 [6] (Fig. 2e). This mechanism
is based on the prediction that the 5" and 3’ ends of the
mRNA of these genes may form base pairing in a long
panhandle structure, and this may explain the occurrence of
rearranged genomes in which evident direct repeat or
similar sequence are not found. In the NSP3 gene of SA11-
L2, base paring of the sequences around nts 63 and 999 was
not found in the predicted secondary structure using the
mfold program version 3.1 [18] and CLC RNA Workbench
version 1.0 (CLC bio, Cambridge, MA) (data not shown).
Thus. it is not likely that the occurrence of rearrungement
found in Ga613 (Ao123, Ar171) was attributable to the
secondary structure of the mRNA.

In our present study, an identical rearrangement in the
NSP3 gene was detected in the three virus clones isolated
from an independent series of multiple passages of rota-
viruses. This finding suggests that the common genetic
organization, i.e., junction site in the 3’'UTR of the first
copy and initiating point of duplication in the NSP3 gene
ORF, might have been preferentially selected for the pro-
cess of rearrangement. It is probable that except for the
typical direct repeat and secondary structure of mRNA,
there may be a critical factor serving to make the template
switch of RNA-dependent RNA polymerase efficient. To
clucidate this, sequence analysis of more rearranged gen-
omes will be required.
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Abstract To clarify the phylogenetic relatedness of rota-
viruses causing gastroenteritis in children and adults, an
cpidemiologic investigation was conducted in Mymensingh,
Bangladesh, during the period between July 2004 und June
2006. A total of 2,540 stool specimens from diarrheal
patients from three hospitals were analyzed. Overall, rota-
virus-positive rates in children and adults were 26.4 and
10.1%, respectively. Among the 155 rotavirus specimens
examined genetically from both children and adults, the most
frequent G genotype was G2 (detection rate: 54.0 and 47.6%,
respectively), followed by Gl (21.2 and 26.2%, respec-
tively), and G9 (15.9 and 9.5%, respectively). G12 was also
detected in five specimens (3.2 in total; four children and
one adult). Sequence identities of VP7 genes of G2 rotavi-
ruses from children and adults were higher than 97.8%, while
these Bangladeshi G2 viruses showed generally lower
identities to G2 rotaviruses reported elsewhere in the world,
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except for some strains reported in African countries. Sim-
ilarly, extremely high sequence identities between children
and adults were observed for VPT genes of G1, GY and G12
rotaviruses, and also for the VP4 genes of P[4], P[6], and P[8)
viruses. Rotaviruses from children and adults detected in this
study were included in a single cluster in phylogenectic
dendrograms of VPT or VP4 genes of individual G/P types.
Rotaviruses with two emerging types, G9 and G12, had VP7
genes that were phylogenetically close to those of individual
G-types recently reported in Bangladesh and India and were
included in the globally spreading lineages of these G-types.
These findings suggested that genetically identical rotavi-
ruses, including those with the emerging types G9 and G12,
were circulating among children and adults in city and rural
areas of Bangladesh.

Introduction

Group A rotaviruses are one of the major etiological causes
of severe gastroenteritis in infamts and voung children
worldwide. It is estimated that rotavirus accounts for more
than a third of all diarrhea-related hospital admissions,
causing about 527,000 deaths per year in children less than
S years of age, mostly in developing countries |24, 39]. To
reduce the burden of severe diarrheal illness associated with
rotavirus infections, an effort to develop a safe and effective
rotavirus vaccine has been made. At present, two rotavirus
vaccines have been developed and employed for voluntary or
routine administrations for children in many countries [B].
The rotaviruses belong to the family Reoviridae and
were classified into at least seven established groups (A-G)
or a newly proposed group [3, 10]. The genome of rota-
virus consists of 11 segments of double-srranded RNA
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(dsRNA) encoding six structural viral proteins (VP) and six
nonstructural proteins (NSP). Rotavirus is 4 non-enveloped
virus, and the virion is compnsed of three concentric
protein layers, i.c., the outer capsid, inner capsid, and inner
core. Two outer capsid proteins, VPT and VP4, indepen-
dently elicit a neutralizing response and define different
scrotype specificities, G scrotype and P serotype, respec-
tively. Based on the VP7 and VP4 genc scquences,
antigenic types of group A rotavirus have been discrimi-
nated as G genotype (G-type) and P genotype (P-type),
respectively [10]. Accordingly, the antigenicity of group A
rotavirus strains has been described by the dual classifi-
cation system with G-type and P-type. At least 15 G-types
and 28 P-types have been described so far in rotaviruses
from humans and various animal species. In human rota-
viruses, the major genotypes are Gl, G2, GG3, G4, and G9,
which are combined with P[4], P[6], and P[8] [30]. The
inner capsid protein VP6 contains antigenicities associated
with group (A-G) specificity and subgroup specificities | or
IT for group A rotaviruses. Based on the sequence diversity
of NSP4, at least five genotypes (A-E) have been dis-
criminated [10].

Rotaviruses are known to show great antigenic and
genomic diversity. In Bangladesh, different G and P types
have been becoming predominant and changing by year
and season [6, 26, 36]. It has been observed that mixed
infections of rotaviruses with different types have occurred
frequently, possibly causing increased genomic reassort-
ment. This may result in diversity of rotavirus genotypes.
According to recent report in Bangladesh, during the 2005-
2006 season, G2P[4], which was previously less prevalent,
became most predominant, and the uncommon type GI12
became more prevalent than in previous seasons [26).
Because of such simations, continuous investigation of
rotavirus genotypes in Bangladesh is considered to be
important for knowing the trend of prevalent rotavirus
strains, which may be relevant for estimating rotavirus
vaccine efficacy.

Despite their low frequency, group A rotaviruses cause
gastroenteritis in adults, which has been described as epi-
demic  outbreaks, travel-related  gastrocoteritis, and
endemic cases [4, 15]. In some reports, G2 rotavirus has
been described as the common cause of outbreaks in adults
[12, 16, 35]. However, epidemiologic and genetic infor-
mation of rolaviruses causing sporadic gastroenteritis cases
in adults is hmited [ 17, 20, 25). Phylogenetic relatedness of
rotaviruses between children and adults has not yet been
well studied, except for a recent report in China, in which a
close relationship of predominant G3 rotaviruses was
demonstrated between children and adults [38]. In Ban-
gladesh, genetic characteristics of rotaviruses from adults
have never been investigated; therefore, the significance of
rotavirus diarrhea in adults and its possible influence on
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rotavirus infection in children are still unknown. The
present study was carried out to analyze genetic charae-
teristics and phylogenetic relatedness of rotaviruses
causing sporadic diarrhea in both children and adults in
Mymensingh, Bangladesh.

Materials and methods
Specimens

The present study was conducted as a hospital-based sur-
vey of rotaviruses in sporadic diarrheal cases. Fecal
specimens were collected from inpatients and outpatients
in three medical facilities, Mymensingh Medical College
(MMC) Hospital, SK Hospital, and Dharmapasha Thana
Health Complex (DH), during a 2-year period between July
2004 and June 2006. The MMC hospital and SK hospital
are located in Mymensingh city, about 200 km to the north
of Dhaka. DH is a local health facility located about
100 km to the east of Mymensingh. In the SK hospital and
DH, fecal specimens were collected from both children and
adults, while in the MMC haospital, specimens were col-
lected only from children up to 10 years old. In the present
study, patients less than 16 years old were categorized as
children. A total of 2,540 fecal specimens from 1,627
children (less than 16 years) and 913 adults (16 years or
older) were collected in the study period.

Detection of rotavirus

The presence of rotavirus in stool specimens wis deter-
mined by detection of dsRNA segments of rotavirus in
polyacrylamide gel electrophoresis (PAGE). Viral dsRNA
was extracted from 400 pl of 10% stool suspension with
sodivm dodecyl sulfate (SDS) and phenol and precipitated
with ethanol as described previously [19]. RNA segments
of rotavirus were scparated by PAGE and stained with
silver nitrate as described previously [14], The electro-
phoretic migration patterns (electropherotypes) of the RNA
segments were also analyzed for further genetic discrimi-
nation of rotaviruses,

Genotyping of rotavirus

Rotavirus G-type and P-type were determined by reverse
trunscription-polymerase chain reaction (RT-PCR) as
described previously [11, 34]. The viral dsRNA was
extracted from stool suspension using guanidine isothio-
cyanate and an RNaid kit (BIO 101, Inc., La Jolla). When
G-type was not assigned to G1-G4, G8 or G9, G type was
analyzed by sequencing and phylogenctic analysis of the
whole VP7 gene as described below.
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