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The predominant rotavirus electropherotypes (e-types) during 17 epidemic seasons (1980 through 1997) in
Finland were established, and representative virus isolates were studied by nucleotide sequencing and phylo-
genetic analysis. The virus isolates were either P[8]G1 or P[8] G4 types. The G1 and G4 strains formed one G1
lineage (VP7-G1-1) and one G4 lineage, respectively. Otherwise, they belonged to two P[8] lineages (VP4-P[8]-
1 and -2) unrelated to their G types. Phylogenetic analysis of partial sequences of all 11 RNA segments obtained
from the strains also revealed genetic diversity among gene segments other than those defining P and G types.
With the exception of segments 1, 3, and 10, the sequences of the other segments could be assigned to 2 to 4
different genetic clusters. The results of this study suggest that, in addition to the RNA segments encoding VP4
and VP7, the other RNA segments may segregate independently as well. In total, the 9 predominant e-types
represented 7 different RNA segment combinations when the phylogenetic clusters of their 11 genes were
determined. The extensive genetic diversity and number of e-types among rotaviruses are best explained by

frequent genetic reassortment.

Human group A rotaviruses, members of the Reoviridae
family, are enteric viruses causing gastroenteritis mainly in 1.5-
to 3-year-old children (17). The first rotavirus vaccine was
licensed in the United States in 1998, but its production has
been discontinued because it was associated with the develop-
ment of intussusception (6). Knowledge about the molecular
epidemiology and genetics of rotaviruses is needed when vac-
cination strategies are planned and when the vaccine is im-
proved.

The nonenveloped icosahedral rotavirus particle is com-
posed of two protein layers: the inner layer (VP6) and the
outer layer (VP7 and spike protein VP4) (reviewed in refer-
ence 17). Inside these layers there is the core (VP2), which
contains the 11 double-stranded RNA gene segments, RNA
polymerase (VP1), and guanylyltransferase/methylase (VP3).
Cleavage of the spike protein into VP5* and VP8* by trypsin
enhances the infectivity of the virus (reviewed in reference 17).
In general, each RNA segment is monocistronic, with the ex-
ception of segment 11, which has an additional overlapping
open reading frame (coding for NSP6). In the prototype simian
rotavirus strain SA-11, the coding assignment of the genes is as
follows: structural proteins VP1 to -4, VP6, and VP7 are en-
coded by segments 1 to 4, 6, and 9, respectively, and nonstruc-
tural proteins NSP1 to -6 are encoded by segments 5, 8, 7, 10,
11, and 11, respectively (reviewed in reference 17).

Proteins VP4, VP6, and VP7 are the primary antigens of
rotaviruses. Although group A rotaviruses of humans and an-
imals share common antigens on VP6, some subgroup-specific
antigenic determinants are located on this protein as well. The
cell attachment protein VP4 and the glycoprotein VP7, which
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is the major neutralization antigen, determine the P and G
types. At least 11 P and 10 G types have been found in humans
(17). In addition to direct antigen detection by serological
means, P and G types can be defined based on partial nucle-
otide sequences of genes 4 and 9 (or 7 or 8, depending on the
strain), respectively (19, 25). Sequence analysis has also re-
vealed the existence of genetic lineages within the P and G
types. For example, the strains of type P[§8] form at least three
lineages (23, 29, 36), and four lineages of type G1 have been
found so far (15, 29, 30, 36, 55). Genetic clustering is also
evident at least for segments 5 (16), 7 (44), 8 (41), and 10 (12,
17, 28). Phylogenetic analysis of human and animal segment-5
sequences has revealed distinct genetic groups according to
species origin (16).

Another kind of genetic variation, gene rearrangement, also
occurs among rotaviruses (reviewed in reference 13). The most
common gene rearrangement found is that of segment 11,
which exists in two forms, with the long form containing a
partial duplication that the short form lacks (33, 38). Gene
recombination other than rearrangement has been reported
only once for human rotaviruses (47). By contrast, gene reas-
sortment seems to be more important for their evolution, and
it has been studied extensively in vitro (reviewed in reference
43). Although no restrictions for reassortment seem to exist,
nonrandom reassortment with regard to progeny has been
found in vitro (24) and some segment combinations occur only
rarely in vivo. Rotavirus strains that are likely to have emerged
through natural reassortment between human rotavirus iso-
lates (see, e.g., references 29, 40, 51, 52, and 56) or between
animal and human rotavirus isolates (37, 45) have been de-
scribed in the literature.

Soon after rotaviruses were discovered by electron micros-
copy in 1973 (2), the separation of discrete RNA segments by
polyacrylamide gel electrophoresis (PAGE) was proven to be a
useful method for molecular epidemiological analysis. In gels

11793



11794 MAUNULA AND voN BONSDORFF J. VIROL.
Predominant
e-types TG1-81 G182 @ #A84 @)y #A86 G187 @) A8 @ N @) 493 @ @) @) G197
140

7]

]

]

& 120 7

O

R]

v 100 -

>

=

& 80t

s ]

(o]

|

4— 60

(o]

qL) k|

o 40 ;

S |

=7 % h.LI ” |I |

y L R0, 0, o L 000 o8 bl

I I, 1

1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

Year

FIG. 1. Numbers of rotavirus isolates from epidemic seasons 1981 through 1997, used as the basic material in this study. The predominant
e-type for each season is given above the bars. The G type of the most common but nonpredominant e-type is given in parentheses.

the electropherotypes (e-types), or RNA profiles, expressing a
high number of RNA segment migration differences among
rotavirus isolates, could be distinguished. Changes in the mi-
gration of the 11 RNA segments do not reveal the nature of
mutational events (7), but when the place and time scale are
limited, an e-type seems to correspond to a virus strain (3, 8,
35). It is typical for a vast diversity of rotavirus strains with
different P/G combinations to be cocirculating in a rotavirus
epidemic season (3, 20). One of the strains may predominate,
usually for one or two epidemic seasons (32). Dual infections,
which offer opportunities for RNA segment reassortment,
have been reported in rotavirus studies with frequencies of 0.9
to 23% (1, 5, 11, 50). In vitro experiments have shown that a
slight asynchrony in the dual infection does not hinder the
reassortment event (42) and may even favor it (49).

In Europe and the United States the P/G type combination
P[8]G1 has been the most prevalent in recent years (see, e.g.,
references 5, 9, and 46). In the present study, nine predomi-
nant P[8]G1 and P[8]G4 e-types have been selected for genetic
analysis. Information has been gathered on the one hand about
the RNA segment patterns in gel electrophoresis and on the
other hand about the nucleotide sequences of each of the 11
RNA segments for the viruses. Phylogenetic analysis revealed
the clustering of the sequences for each RNA segment, and the
segment cluster combinations of the rotaviruses were com-
pared. One aim was to find out whether any of the combina-
tions favor predominance. Possible mechanisms of generating
these combinations are discussed.

MATERIALS AND METHODS

Samples. Rotavirus electron microscopy (EM)-positive stool samples from
children, sent to the Department of Virology, University of Helsinki, during 1980
to 1997, were used in this study (Fig. 1). They were collected mainly from
hospitalized children in the Helsinki metropolitan area, with a population of
about 1 million inhabitants. To define the most predominant rotavirus strains,
approximately 150 to 200 virus isolates per epidemic season from the 1981 to the
1986 season were run in gels, and all samples for the seasons from 1986 to 1997
were electrophoresed. The e-types during the years 1987 to 1990 had been
determined previously (35). The most common e-type was considered predom-
inant if its prevalence was higher than 30% during the season. The partial
nucleotide sequences of segments 4 and 9 were determined from viruses of 26
e-types. From those, all of the nine predominant G1 and G4 viruses, as well as
three nonpredominant e-types that shared RNA profiles with one of the pre-
dominant strains, were selected for more-detailed sequence and phylogenetic
analysis.

Gel electrophoresis. RNA extraction, gel electrophoresis, and silver staining
were performed as previously described (35). Briefly, the nucleic acid from a
rotavirus-positive stool suspension was extracted by treatment with phenol and
chloroform-isoamyl alcohol, followed by ethanol-acetate precipitation. RNA seg-
ments were resolved in a 7.5% polyacrylamide gel and visualized by silver stain-
ing.

RNA extraction and RT-PCR. Viral RNA was extracted by using the phenol-
containing reagent Tripure (Roche, Indianapolis, Ind.) as described previously
(34). The primers used in reverse transcription (RT) and PCR are shown in
Table 1. The RT was run separately for 1 h at 37°C, in a 20-pl reaction mixture
containing 50 mM Tris-HCI (pH 8.8), 75 mM KClI, 10 mM dithiothreitol, 3 mM
MgCl,, 0.5 mM deoxynucleoside triphosphates (Pharmacia, Uppsala, Sweden),
0.5 pM primer, 1 U of RNAsin inhibitor (Promega, Madison, Wis.)/ul, 10 U of
Moloney murine leukemia virus reverse transcriptase (Bethesda Research Lab-
oratories, Gaithersburg, Md.)/ul, and rotavirus RNA that had been pretreated by
heating for 5 min in presence of 37.5% dimethyl sulfoxide and chilling on ice for
5 min. For PCR, 5 pl of the RT reaction mixture was added to a 100-pl reaction
mixture containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl,,
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TABLE 1. Primers used to produce the partial sequences for the 11 rotavirus gene segments
Segment PCR and sequencing primers® (nt) Sense Sequenced region
1 beg, 5'-CAAAGAGCGTTCATGTCTTT-3" (2371-2390) + 2500-2522 (153 nt)

end, 5-GGTAGTGTTGGCATAAATTT-3' (2710-2729)
seq, S'-GTTAACAAATTATCTGACCA-3' (2452-2471)
2 beg, 5'-CCTCAATGGCGTACAGGAA-3' (13-20)
end, 5-ATTCTCTACAGCCATATCTT-3 (591-610)
seq, 5-GCTAAACGTGAAAACTTACCA-3' (38-59)
3 beg, 5'-CCTGGATGGAAATTAACATAT-3' (407-427)
end, 5-ATGGTGTGTCCAATGGATCC-3' (970-989)
seq, 5'-GTCAAAACGCTGCAACAGATG-3' (480-500)
4 beg, 5'-TGGCTTCGCTCATTTATAGACA-3' (11-32)
end, 5-ATTTCGGACCATTTATAACC-3' (868-887)”
seq, 5'-GATGGTCCTTATCAGCC-3' (205-221)
5 beg, 5'-CTAGATGTAGAAT(G/A)TTCACG-3' (885-905)
end, 5-TAGGCGCTACTCTAGTG-3' (1524-1550)
seq, S-TCACAGGAAAAGATATATGA-3' (1122-1141)
6 beg, 5'-ACTCTTAAAGATGCTAGGGA-3' (51-70)
end, 5-GCTGAATTAAT(T/A)ACTCTT-3' (726-745)
seq, 5'-ACTATGAATGGAAATGA(A/T/C/G)TT-3' (141-160)
7 beg, 5'-GA(T/C)ACTAT(T/A)GATTGGAAAT-3' (521-539)
end, 5-“TTGACAGTGTTAGCTTTTAAC-3' (1013-1033)
seq, 5'-~ATGAACTCTCTTCAGAATGT-3' (641-660)
8 beg, 5'-ATAGCTATTGGTCATTCAAA-3' (457-476)
end, 5-CATAAGCGCTTTCTATTCTT-3' (1034-1053)
seq, S'-CATGGTAAAGGTCACTATAG-3' (706-725)
9 beg, 5'-GGCTTTAAAAGAGAGAATTTCCGTCTGG-3' (1-28)°
end, 5-GGTCACATCATACAATTCTAATCTAAG-3' (1036-1062)°
seq, S'-GTATGGTATTGAATATACCAC-3' (51-71)
10 beg, 5'-AGTTCTGTTCCGAGAGAGCG-3' (11-30)
end, 5-GTCACACTAAGACCATTCC-3' (731-749)
seq, 5'-CACATTGAGTGTAATCACTT-3' (68-87)
11 beg, 5'-TGGAAAATCTATTGGTAGGA-3' (110-129)
end, 5-AGTGGGGAGCTCCCTAGTG-3' (631-649)
seq, 5'-CTGGCGTGTCTATGGATTCA-3' (280-299)

67-342 (276 nt)

509-850 (342 nt)

250-561 (312 nt)

1153-1398 (246 nt)

207-512 (306 nt)

705-968 (264 nt)

739-1041 (303 nt)

100-498 (399 nt)

105-506 (402 nt)

306-630 (325 nt)
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" inning primer; end, end primer; s uencing primer. nt, nu ides.
“ beg, begi g primer; end, end primer; seq, sequencing primer. nt, nucleotides

 Same as con2, published by Gentsch et al. (19).
¢ Published by Gouvea et al. (22).

0.001% gelatin, 0.1 mM deoxynucleoside triphosphates, 0.2 uM each primer, and
2.5 U of AmpliTaq DNA polymerase (Perkin Elmer, Branchburg, N.J.)/100 pl.
The PCR program was as follows: 33 cycles of 94°C for 1.0 min, 40 to 42°C for
2.0 min, and 72°C for 2.0 min, followed by a final incubation for 7 min at 72°C.

Sequencing. Sequencing was carried out as described earlier (36). Biotinylated
PCR products were bound to avidin-coated beads (IDEXX, Westbrook, Maine),
and the separated DNA strands were sequenced by the dideoxynucleotide chain
termination method (48). The Sequenase DNA sequencing kit, version 2.0 (U.S.
Biochemicals, Cleveland, Ohio), was used with [>*S]ATP for manual sequencing.
Reaction products were resolved on thin 6% polyacrylamide-7 M urea gels in
taurine buffer (89 mM Tris, 29 mM taurine, 0.5 mM EDTA [pH 8.8]). The
sequenced region of each segment and the sequencing primers are shown in
Table 1. Regions expressing much nucleotide variation were selected for se-
quencing after comparison of the rotavirus nucleotide sequences in the GenBank
database. Random parts were selected for segments 1 and 3, since insufficient
sequence data to allow for accurate sequence comparison were available in the
database at that time.

Sequence analysis. The CLUSTAL V software package (27) was used to
perform multiple alignments, and a neighbor-joining phylogenetic tree was built
for each RNA segment. These methods were applied for nucleotide sequences
with 1,000 bootstrap replicates. Programs of the Genetics Computer Group,
especially the BLAST program, which searches for sequences similar to a query
sequence, were also used (14).

Nucleotide sequence accession numbers. Nucleotide sequences of rotavirus
RNA segments 1 to 11 were deposited in GenBank/EMBL under accession
numbers AJ272451 to -8, AJ287448 to -55, AJ287456 to -64, AJ276278 to -91,
AJ287465 to -71, AJ275894 to -901, AJ275902 to -9 and AJ292380, AJ275942 to
-9, AJ288000 to -17, AJ275950 to -7, and AJ272531 to -6, respectively. Partial
nucleotide sequences of segments 1 and 3 of strain Wa are available under

accession numbers AJ292378 and AJ292379. The accession numbers of seg-
ment-4 and -9 sequences for the previously determined rotavirus isolates are as
follows: G1-87-(101:1), Z80234 and Z80271; G4-89-(305:8) and G4-90-(417:4),
780317 (segment 4) and Z80330 (segment 9), respectively.

RESULTS

P/G combinations among rotavirus e-types and their loca-
tions in the genetic lineages defined by genes encoding VP4
and VP7. The material for this study included rotavirus-posi-
tive stool samples from the Helsinki metropolitan area span-
ning a period of 17 years, 1981 to 1997, with epidemics
occurring regularly during the winter months (Fig. 1). The
predominant rotaviruses were identified by PAGE screening.
In 10 seasons a single e-type was predominant (accounting for
more than 30% of all isolates [range, 31 to 74%]), while in the
other 7 seasons no such prevalence was seen. The nine pre-
dominant e-types (for which the temporal distribution is shown
in Fig. 1) with long electrophoresis patterns (Fig. 2) were
selected for further analysis.

The genes coding for the antigenically important proteins
VP4 and VP7 were partially sequenced. From these sequences
the P and G types of the 9 predominant rotavirus strains and 17
other rotavirus strains throughout the period were deduced.
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FIG. 2. Polyacrylamide gel showing the RNA gel patterns of the
nine predominant rotavirus e-types during 1980 to 1997 (lanes 1 to 9).
Simian rotavirus SA-11 was used as a marker.

All virus isolates sequenced showed a P/G combination of
either P[8]G1 or P[8]G4. The particular VP4 and VP7 genetic
lineages to which the rotaviruses belonged were also defined
(amino acid signature motifs), as described previously (36). As
Table 2 shows, the P[8]G1 lineage combination P[8]-1 G1-1
was the most common among the G1 rotavirus strains. It was
remarkable that all predominant G1 strains showed this com-
bination, whereas among other G1 rotavirus strains the com-
binations P[8]-1 G1-2, P[8]-1 G1-4, and P[8]-2 G1-3 were also
found. The type G4 rotavirus sequences belonged to the same
VP7 genetic lineage. Unlike the situation with G1 strains, both
VP4 genetic lineages, P[8]-1 and P[8]-2, were found among
predominant G4 strains.

Phylogenetic analysis of the 11 RNA segments of the pre-
dominant rotaviruses. Partial nucleotide sequences of all RNA
segments were determined for the nine predominant e-types.
The 11 phylogenetic trees, in which the G1 prototype strain Wa
and a genetically distant simian rotavirus, SA-11, were in-
cluded, revealed clustering of the sequences (Fig. 3). For most
segments, the genetic clusters (circled in Fig. 3) were sup-
ported by high bootstrap values. In the phylogenetic trees of
segments 4 and 9, the G1 and P[8] lineages or clusters of Table
2 are visualized. As mentioned above, in the segment-9 tree,
the predominant viruses grouped to G1-1 while strain Wa
belonged to type G1-4; all the G4 viruses formed one cluster.
The clusters in segment 9 defining types G1 and G4 were
genetically farther apart from each other (nucleotide differ-
ence, about 30%) than clusters in any other segment (maxi-
mum nucleotide difference, 16%). In all trees the nucleic acid
sequence variation between the clusters was greater than 5%.
Only one strain, with e-type G4-84 (Fig. 2, lane 3), contained
an insert: segment 2 contained 12 extra nucleotides and seg-
ment 9 contained 3 extra nucleotides.

The lowest degree of heterogeneity was found in segments 1,
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3, and 10, where all our sequences and strain Wa clustered
together; only minor genetic variation existed within the clus-
ters. In segments 2, 7, and 11, most sequences grouped to one
main cluster, A, with only one diverging sequence (cluster B
[Fig. 3]). In segments 2 and 11, the diverging sequence origi-
nated from a strain with the e-type G4-84. In segment 7, an-
other strain, with the e-type G4-89, had a unique sequence
unrelated to any of the sequences deposited in databanks so
far, while other sequences resembled strain Wa.

The sequences of segments 5 and 8 grouped into three
clusters. In segment 5 the main cluster, A, included six se-
quences which were found to resemble that of the prototype
strain K8 of type P[9]G1 when a BLAST search was performed
in GenBank (identity, 97 to 98%; not included in Fig. 3). The
strain with type G4-84 (cluster C) again diverged from the
main cluster, as did the two e-types from 1986 and 1987 (dif-
ferent G types), which clustered with strain Wa (cluster B). In
segment 8 all our sequences diverged from strain Wa (cluster
C). The e-types G1-81 and G1-82 with identical sequences
(cluster B) also diverged from the main cluster, A, which in-
cluded seven predominant strains. In the GenBank compari-
son, the cluster A sequences showed a closer relationship to
porcine strain OSU than to strain Wa (identity, 94 versus
87%).

The segment-6 sequences showed the most genetic variation
at the nucleic acid level and formed four clusters. The main
cluster, A, included the prototype strain Wa. In the GenBank
comparison the cluster B sequences most closely resembled the
prototype strain E210 of type P[4]G2 (subgroup II) (40), with
an identity of 98%. The G4-84 sequence (cluster C) showed
96% identity with strain RV-3 of type P[6]G3.

In most segments the same genetic clusters were defined
both at the nucleic acid and amino acid levels, since roughly
the same percentages of nucleic acid and amino acid differ-
ences between the clusters were calculated (5 to 16 versus 4 to
16%; in segment 9, 30 versus 24% [data not shown]). In seg-
ments 6 and 8, however, the clusters formed by nucleic acid
analysis (genetic difference, 6 to 11%) merged at the amino
acid level (differences, 0 to 4%).

RNA segment cluster combinations of the predominant ro-
taviruses. In Table 3 all the different gene cluster combinations
of the nine predominant rotaviruses and strain Wa are aligned
according to the phylogenetic analysis results shown in Fig. 3.

TABLE 2. P/G lineage combinations among the 9 predominant
and 17 other rotavirus e-types in 1981 through 1997

No. of e-types with
P/G lineage the indicated combination

combination?

Predominant e-types Other e-types”

P[8]-1 G1-1 4/9 717
P[8]-1 G1-2 2
P[8]-1 G1-4 2
P[8]-2 G1-3 2
P[8]-1 G4 3 3
P[8]-2 G4 2 1

“ Lineages are as presented in reference 36. Amino acid signature motifs: VP4
positions, amino acids 121, 125, 131, and 135; VP7 positions, amino acids 29, 37,
41, 49, 55, 57, 65, and 66.

? Other rotavirus strains were isolated in 1981 through 1983, 1985, 1988 and
1990 through 1996.
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or -4). Percent bootstrap support values obtained from 1,000 replicates are given between the clusters. All trees were plotted to the scale indicated
by the bar (segment-1 tree). The branch lengths are related to the degree of divergence between the sequences. The branches of SA-11 are

shortened, and the distances are indicated by numbers.
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TABLE 3. Genetic cluster combinations for all 11 RNA segments
for the nine predominant rotavirus e-types and strain Wa

Cluster” for the following RNA segment:

e-type

1 2 3 4 5 6 7 8 9 10 11
Gl-81 A A A P81 A A A B GlI1 A A
Gl-82 A A A P81 A A A B GIi1 A A
G484 A B A PB2 C C A A G4 A B
G486 A A A P82 B D A A G4 A A
G187 A A A P81 B A A A GIi1 A A
G489 A A A PB-1 A B B A G4 A A
G491 A A A PB-1 A A A A G4 A A
G493 A A A PB-1 A A A A G4 A A
Gl1-97 A A A P81 A B A A GlI-1 A A
Wa A A A P81 B A A C Gl4 A A

“ Cluster designations refer to the genetic clusters in Fig. 3.

The results revealed that for segments other than 4 and 9, the
division of the G1 and G4 viruses into different clusters also
varied, suggesting frequent segment reassortment between
these G types. As many as seven different RNA segment clus-
ter combinations, none of which was identical with that for
strain Wa, were found among the virus strains studied. The
predominance of these virus strains was obviously not related
to a particular RNA segment cluster combination.

Three (G1-81, G1-87, and G1-97) out of the four G1 e-types
had different RNA segment cluster combinations; thus, e-types
G1-81 and G1-82, which had identical nucleotide sequences
and identical RNA profiles in PAGE (Fig. 2, lanes 1 and 2),
were isolates of the same virus strain that predominated during
two successive seasons. The cluster combinations of the three
different G1 strains clearly indicate that the virus strains have
not evolved from each other by accumulation of point muta-
tions. A change of one or several RNA segments from one
cluster to another during a period of 6 or 16 years is more likely
to have happened by reassortment. Very similar results were
found for the five G4 rotavirus strains. Four different RNA
segment cluster combinations by e-types G4-84, G4-86, G4-89,
and G4-91 appeared; e-types G4-91 and G4-93 had identical
RNA profiles (Fig. 2, lanes 7 and 8) and identical nucleotide
sequences with the exception of one silent nucleotide differ-
ence in segment 9. Among the different type G4 strains several
genomic reassortments probably had occurred as well.

Comparison of the gene cluster combinations of G1 and G4
strains reveals that these strains shared the same genetic clus-
ters and could exchange several of their RNA segments with
each other. Furthermore, comparisons of the sequences with
those in GenBank (see above) showed that some of these
genetic pools were probably also shared with other P and G
types (P[4], P[6], P[9], G2, and G3) that were not investigated
in this study. Based on the results of Table 3, a directed selec-
tion of segments into predominant strains seems unlikely.

Stability of the rotavirus e-types. In addition to the predom-
inant rotaviruses, three nonpredominant e-types that were

J. VIROL.

found to have RNA profiles identical with those of some pre-
dominant e-types were included in the detailed sequence anal-
ysis (Fig. 3, e-types in small font). All 11 sequences of e-type
G1-85, which had an RNA profile identical to that of the
predominant e-type G1-87, were almost identical with the
G1-87 sequences. In total only four nucleotide differences in
the partial sequences of segments 3, 7, and 8 were found. The
predominant e-type G4-89 had an RNA profile identical with
that of nonpredominant e-types G4-90 and G4-94. Their se-
quences also shared a high level of identity, as seen in the
phylogenetic trees of Fig. 3. The results implied that these
particular rotavirus strains remained relatively stable over the
observation period, although they predominated only during
one epidemic season.

DISCUSSION

In this study the nine predominant rotavirus strains identi-
fied over a 17-year period (1981 to 1997) in Finland were
analyzed. Predominant G4 rotavirus strains were detected
more frequently than G1 strains (five versus four seasons). In
1992, Woods et al. (54) reported that in combined materials
from many countries, type G1 was the most common global G
type in circulation. In several recent studies, P[8]G4 strains
have been found to be the second most prevalent strains after
P[8]G1 strains (5, 9). Type G9, a newly emerging type that has
been found in many countries (see, e.g., references 31 and 53),
was not found among the predominant strains in this study.

In the present study the P components of the predominant
G1 and G4 types were always of type P[8]. The P sequences
belonged to the genetic lineages P[8]-1 and P[8]-2, i.e., they
were Wa- and F45-like (23), respectively. The third established
lineage, P[8]-3 (29, 36), was not found in this study. The finding
that the G1 and G4 strains shared the same P[8] lineages
agrees well with previous reports (29, 36).

The G1-VP7 sequences have been analyzed perhaps in
greater detail than those of any other G type, and different
nomenclatures for lineages have been proposed. Xin et al. (55)
divided VP7 sequences into three subtypes (A, B, and inter-
mediate). Jin et al. (30) found four G1 lineages (I through IV)
among vaccine failure strains. The existence of at least four
lineages has been confirmed (29, 36). In our study all four
predominant G1 strains had VP7 sequences belonging to lin-
eage G1-1 (or lineage II [30]), although strains representing
the other three lineages (G1-2 to G1-4) were found circulating
during the 17-year period. Lineage G1-1 (lineage II) isolates
have been classified as monotype Gla (15), and predominant
rotavirus strains of this monotype have also been reported as
circulating in Australia (39). The P components of our pre-
dominant G1 strains belonged to lineage P[8]-1. For reasons
not known, this P/G-lineage combination, P[8]-1 G1-1, has
been most favored. Among the predominant G4 strains, P
components of P[8]-1 and -2 lineages were observed, but the G
component always belonged to the same VP7 lineage. These
strains probably are of subtype 4A, since strain ST3 (P[6]G4),
representing subtype 4A (21), also belongs to this lineage.

Partial sequences of all 11 RNA segments from the nine
predominant strains were determined. The sequenced areas
covered the most variable regions of the genes, as determined
from the sequence data in the GenBank database. In segments
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1, 3, and 10 no clustering was observed, but there were only
minor genetic variations between the sequences. In segment 3
most of the few nucleic acid differences also resulted in amino
acid shifts. Although the segment-1, -3, and -10 sequences of
the Finnish strains occurred in one cluster, genetic variation in
these segments has been found. For example, corresponding
sequences of the human rotavirus strain KU (GenBank acces-
sion numbers, AB022765 and AB022767) have nucleotide
identities of only 90 to 91% with the sequences of the Finnish
strains and would cluster separately. The segment-10 (NSP4)
sequences especially showed an unexpected lack of heteroge-
neity, since as many as four human NSP4 genotypes have been
described (reviewed in reference 17).

In gene segments other than 1, 3, and 10, several genetic
clusters were formed. Differences in the nucleic acid sequences
were the main reason for clustering; insertions were found only
in the G4-84 rotavirus strain. As expected, the genetically most
distant clusters were found in the VP7-encoding segments of
the G1 versus G4 rotaviruses, reflecting the antigenic impor-
tance of VP7. The prototype strain Wa, type P[8]G1, usually
coclustered with some of the sequences found in this study in
the phylogenetic trees, with the exception of the 8th segment of
strain Wa. In segment 8 the closest sequence in GenBank to
our sequences was of porcine origin, strain OSU (P[7]G5). The
very few human rotavirus segment-8 sequences in the database
may explain this finding. Two other porcine rotavirus se-
quences in GenBank were found to be closely related to hu-
man rotavirus sequences. The segment-7 sequence of strain
Price had a nucleotide identity of 98% with G4-84 and G1-87
(cluster A), and the segment-11 sequence of strain YM had an
identity of 96% with G4-84 (cluster B). In fact, the G4-84 strain
that resembled some porcine rotavirus strains showed the
greatest sequence heterogeneity in the majority of segments in
this study. Brazilian piglets have been found to be infected with
P[8]G1 strains, traditionally regarded as human viruses (45).
Furthermore, a phylogenetic analysis of segment-5 sequences
has revealed a close relationship between some human and
porcine rotaviruses (16).

The present data indicate frequent reassortment between
most gene segments of G1 and G4 rotavirus strains. Segment
exchange is not likely to be limited to P[8]G1 and P[8]G4
rotaviruses, analyzed in this study. The GenBank comparisons
suggested that exchange of some RNA segments between
these rotaviruses and the P[4], P[6], and P[9] G2 and G3
rotaviruses is not ruled out. Several recent reports have also
described possible rotavirus reassortants (e.g., references 29,
45, 50, 52, and 56). Gouvea et al. (23) found that G compo-
nents of G5 and G9 rotaviruses shared the same genetic P[8§]
lineages as G1 and G4 strains. In the United Kingdom the P
components of P[8]GY strains were found to be closely related
to those of cocirculating G1, G3, and G4 strains (29). Interac-
tion by reassortment of other segments may be freer of restric-
tions than that of segments 4 and 9, in which certain G/P
combinations seem to be preferred even at the cluster level
(Table 2) (29). The expanding rotavirus diversity (recently
reviewed in reference 10) seems to have developed mainly on
the basis of genomic reassortment.

The cluster combinations of the rotaviruses for all 11 RNA
segments were compared with each other. Our aim was to look
for some common combinations that would lead to predomi-
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nance of these particular strains. No such combination was
found, but all predominant e-types either were totally identical,
e.g., the same strain, or their segment cluster combinations
differed randomly. No directed selection of RNA segments
into predominant strains was found.

Until now electropherotyping and hybridization have been
the methods most commonly used to characterize the entire
genomes of different rotavirus strains. Clearly, even partial
sequencing of the 11 RNA segments gives better and more
specific information. Genetic clusters of rotavirus strains can
be defined on the basis of the sequences of relatively short
gene fragments, since recombination within genes is very un-
likely to occur frequently. Such fragments have been identified
in gene segments in this and a previous study (36). These
results were obtained with virus isolates from Finland, a rela-
tively sparsely populated, developed country. The probability
of reassortments taking place must be considered much higher
in developing countries.

The overall mutation rate of segment 11 has been estimated
as <5 X 107° per replicated base for porcine rotaviruses,
which would result in 1 mutation per replication round for the
entire genome (4). In spite of our relatively long study period
of 17 years, it was not possible to find evidence for straight-
forward evolutionary changes by sequential point mutations
(genetic drift) for rotaviruses similar to those reported for
hemagglutinin genes of influenza A viruses (18). One rotavirus
strain in the present study could be found unchanged during a
period of 5 years. A few nucleotide differences were detected
in the isolates of different epidemic seasons, but in total, no
more changes were found during a longer period than among
isolates of one season (36).

Like rotaviruses, influenza viruses show reassortment of co-
circulating viruses in humans but especially in animals (H5N1,
in geese, chickens, and ducks [26]). Rotaviruses seem to circu-
late in humans, like influenza A virus in bird populations,
without any pronounced exclusion of strains. This offers ample
opportunities for reassortment.
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