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The Sl gene nucleotide sequences of 10 type 3 (T3) reovirus strains were determined and compared with the
T3 prototype Dearing strain in order to study sequence diversity in strains of a single reovirus serotype and to
learn more about structure-function relationships of the two Sl translation products, ol and rls. Analysis of
phylogenetic trees constructed from variation in the (rl-encoding Si nucleotide sequences indicated that there
is no pattern of Si gene relatedness in these strains based on host species, geographic site, or date of isolation.
This suggests that reovirus strains are transmitted rapidly between host species and that T3 strains with
markedly different Si sequences circulate simultaneously. Comparison of the deduced (1 amino acid sequences
of the 11 T3 strains was notable for the identification of conserved and variable regions of sequence that
correlate with the proposed domain organization of al (M. L. Nibert, T. S. Dermody, and B. N. Fields, J.
Virol. 64:2976-2989, 1990). Repeat patterns of apolar residues thought to be important for rl structure were
conserved in all strains examined. The deduced ols amino acid sequences of the strains were more
heterogeneous than the ol sequences; however, a cluster of basic residues near the amino terminus of rls was
conserved. This analysis has allowed us to investigate molecular epidemiology of T3 reovirus strains and to
identify conserved and variable sequence motifs in the Si translation products, rl and als.

The study of sequence diversity among related virus
strains has contributed to an understanding of viral evolution
and has provided insight into the structure and function of
viral proteins. Analysis of nucleotide sequence diversity in
mammalian reovirus strains to date has been limited to gene
segments from prototype strains of the three reovirus sero-
types: type 1 Lang (T1L), type 2 Jones (T2J), and type 3
Dearing (T3D); however, many more strains are available for
these types of studies. Reovirus isolates collected by Rosen
during field investigations in the late 1950s and early 1960s
include strains of each of the three serotypes (19, 34-36) and
have been used in several studies of reovirus pathogenesis
(20, 44). In this study we used 10 T3 field isolate strains, in
addition to the prototype T3D strain, to examine sequence
diversity in Si genes and Si translation products from
strains of a single reovirus serotype.
The sequence of the Si dsRNA gene segment has been

determined for each of the prototype strains (3, 7, 11, 28, 30)
and is bicistronic, encoding the als protein (-14 kilodaltons)
and the larger crl protein (-50 kilodaltons) in overlapping
reading frames (12, 21, 37). The crls protein is a nonstruc-
tural protein of unknown function. The a1 protein is the
reovirus cell-attachment protein (25, 45, 55), hemagglutinin
(32, 48), and determinant of the serotype-specific humoral
immune response (47). The crl protein is also responsible for
tissue- and cell-specific tropism (31, 38, 45, 46) and the
pattern of viral spread (43).
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Recent studies of or1 have emphasized an understanding of
its structure and the mechanism of its association with viral
particles. The crl protein has the morphology of a fibrous tail
(T) and a globular head (H) (2, 16, 17). The a1 tail is
proposed to be constructed from distinct domains having
alternating x-helical coiled coil and cross-P sheet structures
(30) and to play an important role in determining how crl is
attached to virions (17). The crl head is thought to be formed
predominantly from P-sheet structure mixed with loops (30)
and to include sequences important for crl function as
cell-attachment protein (29, 53, 56) and determinant of the
type-specific humoral immune response (4). Domains pre-
dicted from sequence analysis are likely to correspond to
morphologic regions [T(i), T(ii), T(iii), T(iv), and H] defined
by computer-processed electron micrographs (16). These
studies provide a framework with which to interpret findings
concerning specific amino acid residues that are important
for ar1 structure and function.

In this study, we determined the nucleotide sequences of
the Si genes of 10 T3 reovirus strains isolated from a variety
of species and geographic locations. These sequences (and
those of prototype strains) were compared in order to
address the evolutionary relationships between the strains.
The deduced amino acid sequences of Si translation prod-
ucts crl and crls were also compared, and the findings were
interpreted in light of previous work. This study represents
the first examination of sequence diversity in reovirus strains
of a single serotype and provides additional insight into
structure-function relationships of the cr1 and crls proteins.

MATERIALS AND METHODS
Cells and viruses. Spinner-adapted mouse L929 (L) cells

were grown in either suspension or monolayer cultures in
Joklik-modified Eagle minimal essential medium (Irving Sci-
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TABLE 1. Strains of T3 reovirus

T3 strain Species Site Yr

Dearing (T3D) Human Ohio 1955
Clone 8 (T3C8) Human Tahiti 1960
Clone 9 (T3C9) Murine France 1961
Clone 18 (T3C18) Bovine Maryland 1961
Clone 31 (T3C31) Bovine Maryland 1959
Clone 43 (T3C43) Bovine Maryland 1960
Clone 44 (T3C44) Bovine Maryland 1960
Clone 45 (T3C45) Bovine Maryland 1960
Clone 84 (T3C84) Human Washington, D.C. 1957
Clone 87 (T3C87) (Abney) Human Washington, D.C. 1957
Clone 93 (T3C93) Human Washington, D.C. 1955

entific, Santa Ana, Calif.) that was supplemented to contain
5% fetal calf serum (Hyclone Laboratories, Logan, Utah), 2
mM glutamine, 1 U of penicillin per ml, and 1 ,ug of
streptomycin per ml (Irving Scientific). Reovirus strains TlL
and T3D are laboratory stocks. T3 strains isolated by Rosen
(19, 34-36) that were used in this study are listed in Table 1.
T3C87 is the T3 Abney strain (36). Second- and third-
passage L-cell lysate stocks of twice-plaque-purified reovi-
rus were used to make purified virion preparations (17).
SDS-PAGE. In preparation for sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), virion
samples were incubated in disruption buffer at pH 6.8
according to the method of Jayasuriya et al. (22). Electro-
phoresis of viral RNA was performed in 10% polyacrylamide
gels for 400 mA-hours at constant current. Gels were stained
with ethidium bromide, and gene segments were visualized
with UV irradiation.

Sequencing dsRNA with primers. Genomic dsRNA was
purified from virions according to the method of Nibert
et al. (30). The dsRNA sequences were determined by using
dideoxy sequencing reactions with oligonucleotide primers,
reverse transcriptase (Boehringer-Mannheim Biochemicals,
Indianapolis, Ind.), and [35S]dATP (1,000 Ci/mmol; Amer-
sham Corp., Arlington Heights, Ill.) according to the method
of Bassel-Duby et al. (4). Oligonucleotide primers were
made with an Applied Biosystems oligonucleotide synthe-
sizer and purified by either ion-exchange high-pressure
liquid chromatography or C-18 Sep-Pak column chromatog-
raphy (Waters Associates, Milford, Mass.) (Applied Biosys-
tems User Bull. 13:1-28, 1984). Initial primers were synthe-
sized corresponding to the T3D S1 nucleotide sequence (3).
Additional primers were synthesized corresponding to the
S1 nucleotide sequences of individual strains at approxi-
mately 200 nucleotide intervals, allowing sufficient overlap
for full-length sequence to be determined. Approximately
75% of the complementary strand sequence was determined
for each S1 gene.
Comparison of Si nucleotide and al and cals amino acid

sequences. Nucleotide sequence comparisons were facili-
tated by the multiple aligned sequence editor, MASE (13),
from the Molecular Biology Computer Research Resource
(Boston, Mass.). Amino acid sequence comparisons were
facilitated by the global alignment program, GAP (10), from
the University of Wisconsin Genetics Computer Group
(Madison, Wis.).
Parsimony analysis of S1 nucleotide sequences. Phyloge-

netic trees were constructed from variation in the S1 nucle-
otide sequences by the maximum parsimony method (15)
using the program PAUP (42) with the global branch-swap-
ping option MULPARB. Phylogenetic trees were also con-
structed from variation in the S1 nucleotide sequences by the
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FIG. 1. SDS-PAGE of virions of reovirus TlL and 11 T3 strains.
Equal amounts (5 x 1010 particles) of CsCl gradient-purified virions
of reovirus strains T1L, T3D, T3C8, T3C9, T3C18, T3C31, T3C43,
T3C44, T3C45, T3C84, T3C87, and T3C93 were disrupted in sample
buffer for 5 min at 60°C prior to electrophoresis. Viral gene segments
were separated in a SDS-polyacrylamide gel (10% acrylamide) and
visualized by ethidium bromide staining and UV irradiation. The Ti
and T3 S1 gene segments are indicated on the left and viral gene
segment size classes are indicated on the right. L, Large; M,
medium; S, small.

maximum parsimony method with the program DNAPARS
included in the Phylogeny Inference Package, PHYLIP (14),
and by the distance-linkage method with the program
FITCH (PHYLIP) and data from the distance matrix algo-
rithm DNADIST (PHYLIP). The alignment of S1 nucleotide
sequences used in these analyses was derived from the
alignment of the T1L, T2J, and T3D cl amino acid se-
quences determined by Nibert et al. (30).

RESULTS
Diversity of T3 reovirus strains according to SDS-PAGE

profiles of their dsRNA gene segments and structural proteins.
The 10 dsRNA gene segments of mammalian reoviruses can
be separated by SDS-PAGE (33) as shown in Fig. 1 for TlL
and 11 T3 strains. S1 gene segment mobility is not entirely
uniform among the T3 strains, varying most between T3C9
and T3C31; however, the S1 gene segment mobility of each
of the T3 strains is closer to that of T3D than to that of TlL
(19). The relative constancy of mobility of the S1 gene
segment in the T3 strains is consistent with the fact that S1
encodes the type-specific protein, or1 (19, 47). Gene seg-
ments other than S1 migrate in SDS-PAGE more similarly to
those of T3D in some of the T3 strains, but more similarly to
those of TlL in others. For example, the medium-class and
large-class gene segments of T3C18 and T3C31 migrate very
similarly to those of T1L.

Global comparisons of S1 nucleotide and crl and 0 ls amino
acid sequences. Variation in the crl proteins from different T3
strains was previously identified in studies of the neutralizing
and hemagglutination-inhibiting activities of anti-ul mono-
clonal antibodies (6) and in studies of tyrosine-containing
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TABLE 2. Si nucleotide sequence identity of 11 T3 strains

T3 % Identity with strain:
strain D 43 44 45 84 87 93 8 9 18 31

D
43 98.4
44 98.4 99.7
45 98.3 99.6 99.6
84 98.0 99.1 99.1 98.9
87 98.4 99.2 99.2 99.0 98.8
93 98.0 99.1 99.1 98.9 99.4 98.8
8 84.3 84.3 84.3 84.2 84.0 84.3 83.9
9 80.5 80.5 80.5 80.5 80.1 80.2 80.0 80.7
18 79.6 79.8 79.9 79.6 79.5 79.6 79.2 80.2 90.8
31 81.0 80.8 80.8 80.8 80.5 80.6 80.3 81.2 91.6 94.0

tryptic peptides of crl (18). In order to ascertain more
precisely the extent of variability that occurs in the Si gene
and the Si translation products cr1 and crls from strains of a
single reovirus serotype, we determined the Si gene nucle-
otide sequences of the 10 T3 field isolate strains shown in
Fig. 1 (data not shown). The Si nucleotide sequences of the
T3 strains were 1,416 nucleotides in length, including 5' and
3' noncoding sequences of 12 and 36 nucleotides, respec-
tively. The sequences of the noncoding regions were identi-
cal to those of T3D (3, 7, 28).

In order to evaluate the degree of sequence similarity, we
compared the Si nucleotide sequences (Table 2) and the
deduced crl and crls amino acid sequences (Table 3) of the T3
strains. The majority of the nucleotide differences were first
or third base changes that produced no change in the crl and
crls amino acid sequences. The Si nucleotide and deduced
cr1 amino acid sequences appear to fall into two groups with
respect to degree of similarity. The first group includes very
similar sequences from strains T3D, T3C43, T3C44, T3C45,
T3C84, T3C87, and T3C93. The cr1 sequences of these
strains have differences at only 19 amino acid positions;
residues at the remaining 436 amino acid positions are
identical (98 to 99% sequence identity). The crls sequences
of these strains have differences at only 4 amino acid
positions; residues at the remaining 116 amino acid positions
are identical (97 to 100% sequence identity). The second
group includes sequences from strains T3C9, T3C18, and
T3C31. The cr1 sequences of these strains are less similar to
one another (93 to 95% sequence identity) than are the crl
sequences of strains in the first group. The crls sequences of

TABLE 3. crl and cris amino acid sequence identity of
11 T3 strains

T3 % Identity' with strain:
strain D 43 44 45 84 87 93 8 9 18 31

D 98.9 98.7 98.2 98.5 98.7 98.0 91.4 86.6 87.3 88.1
43 97.5 99.3 98.9 99.1 99.3 98.7 91.2 86.4 87.0 87.5
44 97.5 100 98.7 98.9 99.1 98.5 91.0 86.4 87.0 87.5
45 97.5 100 100 98.5 98.7 98.0 90.6 86.2 86.4 87.3
84 96.7 99.2 99.2 99.2 98.9 99.1 90.8 85.9 86.6 87.0
87 98.3 99.2 99.2 99.2 98.3 98.5 91.0 86.2 86.8 87.3
93 97.5 100 100 100 99.2 99.2 90.3 85.5 86.2 86.6
8 79.2 80.0 80.0 80.0 79.2 79.2 80.0 87.5 87.7 88.4
9 77.5 76.7 76.7 76.7 75.8 75.8 76.7 77.5 93.0 94.1
18 71.7 72.5 72.5 72.5 71.7 71.7 72.5 74.2 86.7 94.7
31 79.2 80.0 80.0 80.0 79.2 79.2 80.0 79.2 87.5 88.3
a al amino acid sequence data are presented in the top right triangle, and

als amino acid sequence data are presented in the bottom left triangle.

these strains are more heterogeneous than their c1 se-
quences and also are less similar to one another (87 to 88%
sequence identity) than are the crls sequences of strains in
the first group. Strain T3C8 does not appear to belong to
either group by this analysis.
To more accurately define the evolutionary relatedness of

the different reovirus strains, we constructed phylogenetic
trees using variation in the cr1-encoding nucleotide se-
quences of T1L, T2J, and the T3 strains. Variation in each
codon position was determined by using the maximum-
parsimony algorithm PAUP (42). Variation in the third
codon position was found to provide the greatest resolution
between individual strains and suggested that the strains
form five distinguishable lineages (Fig. 2). Analyses of
variation in the first and second codon positions assigned the
strains to the same lineages, albeit with slightly different
branch lengths and relationships between strains within each
lineage (data not shown). The first lineage (Fig. 2, section A)
includes T1L; the second (section B) includes T2J; the third
(section C) includes T3D, T3C43, T3C44, T3C45, T3C84,
T3C87, and T3C93; the fourth (section D) includes a single
T3 strain, T3C8; and the fifth (section E) includes T3C9,
T3C18, and T3C31. To determine whether reovirus strains
could be assigned to these five lineages by other techniques,
we used the maximum-parsimony algorithm DNAPARS and
the distance-linkage method FITCH, with distance matrix
data determined by DNADIST. Both techniques gave a
branching order identical to that observed when variation in
the third codon position was examined by using PAUP (data
not shown).
The parsimony analysis showed that diversity between

individual T3 strains appears to be as great as that between
the Ti and T2 prototype strains. The most distantly related
T3 strains, T3C18 and T3C84, vary in 260 third base posi-
tions; TlL and T2J vary in 259 third base positions. In this
analysis, however, gap positions placed to align the TlL and
T2J Si sequences (30) were not scored. Thus, phylogenetic
trees constructed from variation in the Si nucleotide se-
quences may underestimate the extent of diversity between
the TlL and T2J Si sequences.

Regions of variable and conserved sequences in T3 orl.
Previous comparisons of the (rl amino acid sequences of
prototype strains of the three reovirus serotypes (T1L, T2J,
and T3D) identified some regions in cr1 that are more
conserved than others (30). In order to ascertain the distri-
bution of variable and conserved regions in crl from strains
of a single serotype, we examined the deduced crl amino acid
sequences of the 11 T3 strains (Fig. 3). The length of c1 is
conserved in these strains (455 amino acids), and no gaps
were needed to optimize the alignment of any of the se-
quences.
When the a1 sequences of T3 strains from a single

phylogenetic lineage (Fig. 2) were compared, the positions of
variable amino acids were few and evenly scattered. When
cr1 sequences of T3 strains from different lineages were
compared, however, the positions of variable amino acids
were more numerous and appeared to cluster, suggesting
regions of hypervariability (e.g., amino acids 118 to 137, 172
to 184, 236 to 249, and 283 to 297). Conversely, several large
regions of c1 sequence were found to be conserved in all 11
T3 strains (e.g., amino acids 39 to 52, 73 to 85, 146 to 155,
185 to 194, 205 to 230, 307 to 322, 345 to 355, 364 to 388, and
419 to 434).
The locations of the variable and conserved regions of T3

cr1 sequence reflect in many cases the domain organization
that is proposed for the crl protein based on analysis of the
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T3 Dearing (human,1955)
T3 Clone 45(bovine, 1960)

48 'T3 Clone 43 (bovine, 1960)
2 3 Clone 44 (bovine, 1960)

T3 Clone 84 (human, 1957)

T3 Clone 93 (human, 1955)
4-T3 Clone 87 (Abney) (human, 1957)

-TI Lang (human, 1953) j-A

T2 Jones (human, 1955) -B

68- - T3 Clone 8 (human, 1960)J-D

33 T3 Clone 9 (murine, 1961)

92 35 T3 Clone 18 (bovine, 1961) E

I3T3 Clone 31 (bovine,1959)
FIG. 2. Minimum-length evolutionary tree for reovirus strains constructed from variation in the a1 third codon position by using PAUP

(42). Lengths of the horizontal lines are proportional to the minimum number of single nucleotide changes required to generate the observed
variation (also indicated by numeric branch lengths above each line). The length of vertical lines is arbitrary. The total number of sites
examined was 478, of which 411 were variable. The minimum length of the tree was 855, and the consistency index was 0.810.

deduced a1 amino acid sequences of prototype strains of the
three reovirus serotypes (30) and are summarized in Fig. 4.
Three of the variable regions occur at or near the junctions of
sequence regions suggested to form discrete cr1 morphologic
regions: amino acids 172 to 184 at the T(ii)-T(iii) junction,
236 to 249 at the T(iii)-T(iv) junction, and 283 to 297 near the
T(iv)-H junction. Two of the conserved regions (amino acids
185 to 194 and 205 to 230) encompass most of the sequence
region proposed to form morphologic region T(iii). Four of
the other conserved regions (amino acids 307 to 322, 345 to
355, 364 to 388, and 419 to 434) occur in the region of
sequence proposed to form morphologic region H (the crl
head).
Conserved sequence patterns in T3 al. Repeating apolar

residues in the deduced a1 amino acid sequences of proto-
type reovirus strains TlL, T2J, and T3D have been proposed
to be important for the structure of the crl tail (3, 16, 17, 30).
As described below, this proposal is supported by the finding
that the apolar repeats are well conserved in the 11 T3 c1
sequences included in this study (Table 4).
A large region in the amino-terminal one-half of each

prototype crl sequence is marked by heptad repeats of apolar
residues (amino acids 28 to 173 in T3D). This region has been
proposed to correspond to morphologic region T(ii) of the arl
protein (3, 16, 17, 30). The heptad repeat pattern suggests
that this region of sequence has an a-helical coiled-coil
structure (27). In the 11 T3 a1 sequences, apolar residues in
heptad positions a and d are well conserved (Fig. 3, solid
circles). Five amino acid positions in morphologic region
T(ii) (39, 42, 67, 88, and 123) account for the majority of
amino acid positions that are predicted to be occupied by
apolar residues according to the repeat pattern but are in fact
occupied by polar residues (Table 4). Acid-base pairs in the

(n)e and (n+ 1)g positions of heptad repeats have been
suggested to provide additional stability to ax-helical coiled
coils in several proteins (27, 41), including cr1 (17, 30). A
total of five (n)e-(n+l)g acid-base pairs occur in the long
heptad repeat region of T3D a1 (pairs connected by under-
lines in Fig. 3). These five acid-base pairs are conserved in
all T3 strains except T3C18, in which four of five are
conserved (proline instead of arginine at position 59). The
heptad repeat regions of some proteins include significant
discontinuities in the repeat pattern, referred to as stutter
(40) and skip (26) sequences. These sequences are also
present in cr1 (30) and may serve to decrease the superhelical
twist of the coiled coil either locally or over an extended
region of protein structure (26, 40). Stutter and skip se-
quences are conserved in all T3 strains (Fig. 3, solid
squares).
A region exhibiting a distinct repeating pattern of apolar

residues occurs immediately carboxy terminal to the long
heptad repeat region in the prototype crl sequences (amino
acids 177 to 234 in T3D) and has been proposed to corre-
spond to morphologic region T(iii) in the cr1 protein (30).
Apolar residues in this region occur in small clusters that
contain either two or three apolar residues which occur at
every other amino acid position. These clusters are pre-
dicted to form short P-strands. The residues that occupy
positions between the clusters are mostly polar and are
predicted to form p-turns. Apolar repeat residues in this
region are completely conserved in the T3 strains examined
(Fig. 3, open circles).
Sequences proposed to correspond to morphologic region

T(iv) in the prototype strains (amino acids 239 to 307 in T3D)
have alternating apolar repeat patterns (heptad repeats and
apolar clusters) and are predicted to form two short a-helical

134
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125
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46
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TABLE 4. Conservation of apolar residues in apolar repeat
patterns proposed to be important for a1 structure

No. of aa positions
occupied by apolar

Morphologic Repeat residues according to
region' patternb repeat patternc

Expected Observed

T(i) (aa 1-27) Heptad 44 44
T(ii) (aa 28-173) Heptad 462 412
T(iii) (aa 174-238) Apolar clusters 209 209
T(iv) (aa 239-307)

aa 239-256 Heptad 66 64
aa 257-299 Apolar clusters 121 120
aa 300-307 Heptad 33 33

H (aa 308455) Apolar clusters 308 308
a al morphologic regions are as defined by Fraser et al. (16), and sequence

regions are as defined by Nibert et al. (30). aa, Amino acid positions.
b Two types of apolar repeat patterns are observed in arl: (i) heptad repeats

in which apolar residues occur at positions a and d of the heptad and (ii) apolar
clusters in which apolar residues occur in clusters of apolar residues separated
by polar residues at every other position.

c Number of apolar residues (A, F, I, L, M, V, W, and Y) in repeat patterns
in a given region of sequence multiplied by 11, the number ofT3 arl amino acid
sequences analyzed.

coiled coils separated by a small region of p-sheet (30). This
region of sequence in the 11 T3 strains demonstrates a
striking degree of variability; however, apolar repeat pat-
terns are conserved in all of the T3 a1 sequences (Fig. 3). An
(n)e and (n+l)g acid-base pair is also conserved in all T3
strains except T3C87 (glycine instead of arginine at position
245). Lastly, a skip sequence is conserved in this region in
the more amino terminal of the two a-helical coiled coils in
the T3 strains.
Sequences proposed to form the arl head (morphologic

region H) in the prototype strains (amino acids 308 to 455 in
T3D) do not exhibit a regular apolar repeat pattern; how-
ever, clusters of apolar residues suggest that the dominant
structural motif within the a1 head is P-sheet (30). These
apolar clusters are absolutely conserved in the T3 strains
(Fig. 3, open circles). Additional conserved apolar residues
(alanine 354 and valine 430) can be added to two of the
clusters in these strains.

Regions of variable and conserved sequences in T3 als.
While a great deal is known about structure-function rela-
tionships of a1, little is known about the other Si translation
product, crls. Therefore, in an attempt to learn more about
this protein, we examined the deduced crls amino acid
sequences of the 11 T3 strains (Fig. 5). The length of the crls
protein is conserved in these strains (120 amino acids), and
no gaps were needed to optimize the alignment of any of the
sequences. Variability in the als amino acid sequences of
the T3 strains is more marked than the variability observed
in their cr1 amino acid sequences, and the positions of
variable amino acids appear to cluster (e.g., amino acids 3 to
32 and 99 to 117). A central region of crls (amino acids 58 to
84) was found to be more conserved than the remainder of
the protein.

The observation of an amino-terminal cluster of basic
residues in crls has led to the suggestion that the crls protein
might interact with nucleic acid (21). Fifteen basic residues
(K and R) are conserved in the crls proteins of the T3 strains
(Fig. 5, solid diamonds), including a group of six basic
residues near the amino terminus of the protein (amino acids
14, 15, 17, 18, 19, and 21). Differences in the 15 amino acid
positions occupied by basic residues in all strains are limited
to asparagine 81 in T3C8 and asparagine 114 in T3D and
T3C18. Several strains have additional basic residues in their
crls amino acid sequences not found in the majority of the
other T3 strains (e.g., arginine 11, arginine 35, arginine 45,
and arginine 58 in T3C18). Another interesting feature of the
crls sequences of the T3 strains is the leucine-to-proline
substitution at amino acid 20 in T3C8, T3C9, T3C18, and
T3C31 and the reciprocal proline-to-leucine substitution at
amino acid 31 in these strains. These amino acid changes are
adjacent to the amino-terminal cluster of six basic residues
conserved in the crls sequences and may be important for
crls conformation in that region.

DISCUSSION
Sequence diversity among T3 S1 genes. In this study, we

examined the diversity of S1 gene nucleotide sequences in
strains of a single serotype (T3) in an attempt to understand
evolutionary relationships between reovirus isolates. The S1
nucleotide sequences of 10 T3 field isolate strains are the
same length as that of the T3D S1 sequence, and the 5' and
3' noncoding regions are identical in all T3 strains examined.
The majority of nucleotide sequence variability is in the third
base position of the S1 translation products, and the deduced
amino acid sequences of crl are more conserved than those
of cris.

Before this study, the analysis of nucleotide sequence
diversity among reovirus strains had been limited to com-
parative studies of single gene segments from prototype
strains of the three reovirus serotypes: T1L, T2J, and T3D.
These studies have led to an understanding of gene segment
sequence diversity between these strains, codon usage, and
the size of noncoding regions. The S1 gene nucleotide
sequence (7, 11, 30) appears to have diverged more than the
S2 (T. S. Dermody, L. A. Schiff, K. M. Coombs, M. L.
Nibert, and B. N. Fields, unpublished data), S3 (50), M2
(51), and Li (52) sequences of these prototype strains. We
found an extensive amount of sequence diversity in the Si
genes of T3 strains, which further suggests that Si is the
most divergent reovirus gene segment.
We used Si gene sequence diversity to determine phylo-

genetic relationships between the reovirus prototype strains
T1L, T2J, and T3D and 10 T3 field isolate strains. Analysis
of phylogenetic trees constructed from variation in the S1
nucleotide sequences is notable for the division of these
strains into five lineages (A through E). The grouping of
these strains into lineages based on their S1 sequences does
not appear to correlate with host species, geographic site, or
date of isolation. Lineage C includes T3 strains that were
isolated from both bovine and human sources in the eastern

FIG. 3. Alignment of cr1 amino acid sequences of reovirus T3 strains. The cr1 amino acid sequences were deduced from the S1 nucleotide
sequences of strains T3D (D) and T3C8, T3C9, T3C18, T3C31, T3C43, T3C44, T3C45, T3C84, T3C87, and T3C93 (abbreviated by clone
number). The single-letter amino acid code is used, and residues identical to T3D in the other T3 strains are indicated with dashes. Amino
acid positions are numbered above the sequences. Positions of apolar residues that conform to a heptad repeat pattern (-), positions of apolar
residues that conform to an alternating apolar-polar repeat pattern (0), and positions in the repeats at which apolar residues are not conserved
in all sequences (-and 0) are indicated. Acid-base pairs in regions of sequence characterized by heptad repeats are underlined. *, Conserved
apolar residues at the amino-terminal boundaries of stutter and skip sequences; !, sites altered in neutralization-resistant variants of T3D (4).
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FIG. 4. Structure-function relationships of the T3 c-i protein. (A)

Positions of residues that differ from the prototype strain (T3D) in
one or more of the other T3 strains are indicated by solid vertical
lines. The hatched lines indicate amino acid positions at which
unique residues are observed in hemagglutination-negative T3
strains (8). (B) Regions that have a heptad repeat pattern of apolar
residues and are proposed to form a-helical coiled-coil structure. (C)
Regions that have clusters of apolar residues in an alternating
apolar-polar repeat pattern and are proposed to form P-sheet struc-
ture. (D) Morphologic regions of c-i (16, 30). (E) Model of al
structure. Regions of proposed a-helical coiled-coil and p-sheet
structure are depicted. Amino acid positions in the T3 crl sequence
are shown at bottom and are in scale with each of the panels above.
(F) Regions of sequence proposed to be important for hemaggluti-
nation (198 to 204) (8), cell attachment (222 to 455) (29), and
neutralization (340 and 419) (4) and a region of sequence with
similarity to a portion of an anti-idiotypic antibody raised against a
T3 monoclonal antibody (317 to 332) (53).

United States between 1955 and 1960. Lineage E also
includes T3 strains isolated from different species (bovine
and murine), as well as from different geographic sites
(France and Maryland), between 1959 and 1961 (Fig. 2).
Thus, reovirus strains appear to be transmitted rapidly
between species. Furthermore, the markedly divergent Si
genes from bovine strains isolated in Maryland between 1959
and 1961 suggest that more than one Si gene circulates in a
given geographic locale at the same time. Given these
findings, in addition to the limited time period over which the
strains were collected, a linear relationship between Si gene
mutation rate and time cannot be determined from this
analysis.

Studies of influenza B (54) and C (5) viruses suggest a

precedent for the isolation of strains containing gene seg-

ments with divergent sequences from the same or different
host species in a given geographic site at approximately the
same time. The simultaneous circulation of influenza virus
strains having divergent sequences has been used to explain
an absence of sequence relatedness, based on host species,
geographic site and date of isolation (1, 23, 54), similar to
that observed for the T3 reovirus strains in this study. The
maintenance of divergent genes in a given population at the
same time is likely to be explained in part by reassortment of
gene segments in viruses with segmented genomes, such as

10 20 30 40 50 60

D MEYHCQKGLNQGSRRSRRRLKYTLILSSGSPRDSMMQTNESSLLSKVGMTWLHQSVMLNL
8 --Q- --RA -----K---K-P---- Q-L-LLK ---T----------- TI ------- R--
9 - -QC- - -D-SR- - - -L-K-P ---- Q-L- -L ---------A---- TI - -- -L- -H- -

18 - -QC- - -DSSR- - - -L-K-PR- - - -Q-L- -L- - -R- -I-Q-A- -RR- -TI- - - -L- -R- -
31 - -QR----- R--- -L-K-P -----Q- -----L -I--- -------- TTI-----L-TR- -
43
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45
84
87
93

70 80 90 100 110 120

D QSPDWKALSEPSKQLSMDLIRVLPSWVLEWDNLRQDLQSYALITTISLREWILQNVTLDH
8 -------------------Q---R-L-A- -E -------D--- -TM-V ------R------
9 ------T -----R --------------V---------- D--MT-AV----- V--AI ---

18 ----------------------V-------- D- -MT-AV---- VMR-E- - - -
31 ----------------------V----V --- D- -MT-AV---- VHR-A- - - -
43 --------P-------------------------------- T---------- R------
44 --------P-------------------------------- T---------- R------
45 --------P-------------------------------- T---------- R------
84 --------P--------------- N-T---------------T---------- R------
87 -------- P---------------------------------------- R------
93 -------- P--------------------------------- T-R--------R------
FIG. 5. Alignment of cls amino acid sequences of T3 reovirus

strains. The als amino acid sequences were deduced from the Si
nucleotide sequences of strains T3D (D), and T3C8, T3C9, T3C18,
T3C31, T3C43, T3C44, T3C45, T3C84, T3C87, and T3C93 (abbre-
viated by clone number). The single-letter amino acid code is used,
and residues identical to T3D in the other T3 strains are indicated by
dashes. Alignment positions are numbered above the sequences. *,
Conserved basic residues (K and R); *, positions at which basic
residues are not conserved in all strains.

influenza virus (9, 24, 57) and reovirus (19, 33, 49). Reas-
sortment of gene segments makes it possible for sequence
divergence of any one gene segment to be independent of
that of others. Therefore, the sequences of individual gene
segments might be expected to vary without regard to
species and site of origin if there are no host or geographic
restrictions associated with that gene segment (i.e., host-
range genes).

Conserved sequences in url. We have used comparative
sequence analysis to investigate structure-function relation-
ships of the ai protein. A model of reovirus T3 cri structure,
correlated with sequence regions proposed to be important
for several crl functions, is shown in Fig. 4. Protein sequence
variability (Fig. 4A) is primarily concentrated in morpho-
logic regions T(i), T(ii), and T(iv). Morphologic region T(iii),
which corresponds to a proposed large cross-P region, is
mostly conserved with the exception of unique residues in
ai sequence of strains which show diminished capacities to
agglutinate erythrocytes and to bind glycophorin (8). Mor-
phologic region H, the crl head, is also a region in which
greater sequence conservation is observed in the T3 strains.
The deduced amino acid sequences of TlL and T2J al also
share greatest similarity in morphologic regions T(iii) and H
(30). These observations suggest that c-l morphologic re-
gions T(iii) and H are under greater constraint than other c-l
regions to maintain their respective structures and/or func-
tions.

Despite the variability observed in the 11 T3 cri amino acid
sequences, repeat patterns of apolar residues proposed to be
important for c-l structure (30) are conserved (Table 4). Most
of the sequence variability in the c-l tail is observed in
regions predicted to form a-helical coiled coil (Fig. 4B)
rather than in regions predicted to form cross-,8 sheet (Fig.
4C). In addition to the importance of conserved apolar
repeat patterns to ac structure, the importance of (n)e and
(n+l)g acid-base pairs and stutter and skip sequences in

J. VIROL.



TYPE 3 REOVIRUS Si GENE SEQUENCE ANALYSIS 4849

regions proposed to form a-helical coiled coil is emphasized
by the conservation of these sequences in the T3 strains.

Several sequences within the cr1 head have been suggested
to be important for the functions of serotype-specific neu-
tralization and cell attachment. Variants of T3D that are
resistant to neutralization by type-specific anti-ocl monoclo-
nal antibodies (39) have substitutions at amino acid positions
340 and 419 (4). These residues are absolutely conserved in
the T3 strains in this study. A monoclonal anti-idiotypic
antibody that was raised against the neutralizing monoclonal
antibody G5, contains a region of amino acid sequence with
marked similarity to residues 317 to 332 of T3D cr1 (53). A
peptide corresponding to this region of similarity is able to
block viral receptor recognition. This sequence is also
conserved in the T3 strains with the exception of two
conservative substitutions: leucine 323 in T3C9, T3C18, and
T3C31 and isoleucine 324 in clones T3C18 and T3C31.
Lastly, a region of striking sequence similarity between the
TlL, T2J, and T3D al proteins corresponds to amino acids
368 to 386 of the T3D crl amino acid sequence (30). This
sequence is absolutely conserved in the T3 strains, again
suggesting that it has structural or functional importance.
Conserved sequences in cfls. We have also used compara-

tive sequence analysis to study the cls protein. The crls
sequences of the 11 T3 strains are more heterogeneous than
their corresponding a1 sequences. While the function of the
uls protein is unknown, the large degree of primary se-
quence variability suggests that it may not be under the same
structural constraints as other reovirus proteins. A large
number of basic residues, including a cluster near the amino
terminus of the protein, was found to be conserved in crls of
the T3 strains. The observation of a cluster of basic residues
in als led Jacobs and Samuel (21) to propose that the crls
protein might be capable of binding to nucleic acid. The
potential importance of these residues to crls function is
supported by the finding that this cluster of basic residues is
conserved in the 11 T3 crls sequences.

Classification of reovirus strains. In a previous study, Hrdy
et al. (19) grouped reovirus strains of all three serotypes
according to the pattern of their gene segment mobility in
SDS-PAGE (electropherotype). Although that grouping ac-
knowledged the host species from which the strain was
isolated [e.g., electropherotypic patterns B(bovine)T3a,
H(human)T3a, and M(murine)T3a as represented by strains
T3C18, T3C8, and T3C9, respectively], these authors con-
cluded that the electropherotype of a reovirus strain does not
unambiguously identify the host species or geographic site of
its isolation. The T3 S1 nucleotide sequences reported in this
study suggest a similar conclusion and also indicate that the
previous grouping of T3 strains according to host species of
isolation does not accurately reflect the relatedness of their
S1 genes.
Reovirus strains are more generally classified according to

serotype; however, serotype is a property determined by a
single reovirus gene segment, S1 (47). As a consequence,
although S1 gene nucleotide sequences from strains of one
serotype are expected to be more closely related to each
other than to S1 gene sequences from strains of another
serotype, nucleotide sequences of other gene segments from
these strains are likely to show relatedness patterns that are
independent of serotype.

In this study of S1 gene sequence diversity in T3 reovirus
strains, we made findings that contribute to an understanding
of reovirus evolution and aspects of the structure and
function of the crl and crls proteins. In a companion study,
we have characterized a region of sequence important for

hemagglutination by these T3 strains (8). These studies
demonstrate the utility of comparative sequence analysis for
the study of cr1 structure as well as cr1 function.
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